Burnup Determination of Nuclear Fuels. Annual Report 1965. EUR 3123. by Bresesti, M
EUR 3123.e 
'I 1 I IP• 
EUROPEAN ATOMIC ENERGY COMMUNITY - EURATOM 
BURNUP DETERMINATION OF NUCLEAR FUELS 
Annual Report 1965 
Edited by 
M. BRESESTI 
1967 
@ 
ORGEL Program 
Joint Nuclear Research Center 
Ispra Establishment - Italy 
LEGAL NOTICE t 
This document was prepared under the sponsorship of the Commission 
of the European Atomic Energy Community (EURA.TOM). 
Neither the EURATOM Commission, its contractors nor any person 
acting on their behalf : 
Make any warranty or representation, express or implied, with respect 
to the accuracy, completeness, or usefulness of the information con-
tained in this document, or that the use of any information, apparatus, 
method, or process disclosed in this document may not infringe 
privately owned rights; or 
Assume any liability with respect to the use of, or for damages resulting 
from the use of any information, apparatus, method or process 
disclosed in this document. 
This report is on sale at the addresses listed on cover page 4 
at the price of FF 12,50 FB 125,- DM 10,- Lit. 1560 Fl. 9,-
When ordering, please quote the EUR number and the title, 
which are indicated on the cover of each report. 
Printed by Guyot, s.a. 
Brussels, February 1967 
This document was reproduced on the basis of the best available copy. 
E 
' 
B 
EUR 31 
BURNUl 
Annual F 
Europca1 
ORGEL 
Joint Ni: 
Brussels, 
This; 
method; 
have b, 
fission J 
with cc 
distribi: 
of irrac: __ 
p, 1-3 
Pl /:J' 
et- (I) 
(I) 
p, (I) 
r::i 
{'J) () 
(I) f--' 
'D ,.:,, 
et- OJ (I) (I) 
s p, 
o' 
(I) '""! 
'""! cD 
'D 
---' 0 
'° 
'""! 
0\ et-
0\ 
'""! 
(I) 
:eE 'D 
/:J' f-J 
I-'· Pl 
() () 
/:J' (I) 
()1 
OJ 
/:J' et-
0 /:J' 
,: (I) 
f--' 
::s: 
• l"tj p_, 
to f-J• 
;.;j c-t-
tr-:J (I) 
p_, 
'""! 
(I) 
O" 'D 
(j) 0 
'""! 
~3 p_, 
U1 o' 
1-3 '-< H 
p, et-
(I) 
OJ o' 
et- (I) 
'""! ill 
0 '""! 
'-< I-'· (I) r::i p_, ()q 
• 
et-
/:J' 
(I) 
{'J) 
Pl 
s 
(I) 
1::1 
,: 
s 
a' 
(I) 
'""! 
Pl 
~ 
p_, 
ORGEL Pro~ram 
Joint Nuclear Research Center 
Ispra Establishment - Italy 
t_,:j 
q 
;.;j 
\.J,J 
---' 
rv 
\.J,J 
. 
(I) 
to q 
;.;j 
~ q 
ltJ 
t:J 
~ 
ttj 
1-3 
r::i ttj 
t:, 
~tJ 
,: ~ Pl H 
f--' ~ 
;.;j :r,, 1-3 (I) H 
'D 0 
0 ~ 
'""! 
et- 0 
1-:.j 
---' 
'° 
~ 
0\ c::: \Jl 0 
t:-i 
trJ 
:r,, 
;.;j 
1-:tj 
c::: 
trj 
t:-i 
tn 
CONTENTS 
SUTv1Iv1ARY • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 7 
INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . • . . . . . . . . . . 9 
1-CALCULATION OF NEUTRON FLUXES AND RELATED PARAMETERS ............ 11 
1 • 1-Introduction ............................................. 11 
1.2-Problem specification ....................•............... 11 
I 
1. 3-Approximate calculations of the required parameters £.i..fh-
2i-0 J-, 8 and R in the UC rod ............................... 13 
Calculation of Westcott r .......................... 13 
Calculation of j3 ................................. 14 
Calculation of c..p /cps ....•..•..•......•••••••......• 15 
I I 
Ca1.culation of R ................................... 15 
1.4-Detailed Calculatiems of the parameters r, ,f3 , and 'f/<f s· 16 
Calculation of r 
Calculation of j3 
................................... 17 
................................... 17 
Calculation of cp /cp 6 ••••••••••••••••••••••••••••••• 18 
2-DISSOLUTION OF UC SAMPLES ..........•..•.•.............••........ 22 
2.1-Criteria in the choice of the UC samples for the measure-
ment ..................................................... a2 
2.2-Methods for the dissolution of UC .......•...•..•••••...•• 23 
2.3-Experimental results on the UC dissolution ..•..•••...•.•. ~5 
3-THE ISOTOPIC DETERMINATION OF U235 AT LOW CONCENTRATION BY OPTICAL 
SPECTROGRAPHY •.•.•.•.•.•.•..•.•.....••••.•..•..•....••••••..•... 28 
- 3 -
4-MEASUREN:ENT OF U235 CONTENT IN URANIUM BY ACTIVATION TECH-
NIQUES ••••••••••••••• 11 • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 32 
4. 1-_Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32 
4. 2-Experimenta.l ..................................... . 
Method 1 
Method 2 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
32 
33 
4-3-Conclusions .............................. •........ 34 
5-DETERMINATION OF TOTAL URANIUM IN PURIFIED SOLUTIONS FROM 
THE DISSOLUTION OF IRRADIATED UC •.••...••....•.•••.•••••• 37 
5.1-Colorimetric determination with dibenzoylmethane... 37 
Principle of the method..................... 37 
Experimental results . • . • . • • . . . . . • . • • . • • • •.. . . 37 
5. 2-Coulometric determination at controlled potential.. 38 
Principle of the method..................... 38 
Experimental results •.•.......•.. .•.•••••..• 38 
5-3-0ther methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
6-URANIUM PURIFICATION FROM FISSION PRODUCTS............... 40 
6.1-Introduction 
6.2-Experimental 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
40 
40 
Reagents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40 
Procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4o 
6. 3-Resul ts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41 
7-FISSION PRODUCT DETERMINATION BY GAMlV!A SPECTROSCOPY •...•.• 42 
7. 1-Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42 
7.2-Gamma spectroscopy by NaI(Tl) crystal ••.••••••...•. 4~ 
7.3-Gamma spectroscony by Germanium Li-drifted detectors. 44 
7. 4-Determination of U235 and Pu219 fissions in UC spe- 4.5 
cimens irradiated by the Physi_cal Chemistry Laboratory 
- 4 -
Pa2:e 
-
8-CHEMICAL PROCEDURE IN THE DETERMINATION OF THE STABLE FIS-
SION PRODUCT Nd148 .....•••.••••....••.••.•..••.•••••.•••• 61 
8.1-Introduction 
8.2-Experimental 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
. . . . . . . . . . . ~ . . . . . . . . . . . . . . . . . . . . . . . . . . 
61· 
61 
9-DETERMINATION OF Pu239 + Pu240 ACTIVITY BY ol -SPECTROMETRY 64 
9.1-Introduction .••...•••••••••••.•..••..•••••••••.••• 6~ 
9.2-Isotopic dilution with Pu238 ..•.•.••..•••••••••.•• 65 
9.3-Chemical Purification of Plutonium................ 65 
Reagents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65 
Procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66 
9.4-Electrodenosition of Plutonium.................... 66 
9.5-Alpha spectrometry using semiconductor detectors •• 66 
10-NEUTRON FLUX MEASUREMENTS AT THE SURFACE OF UC SPECIMENS. 68 
Table 
10. 1-Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68, 
10.2-General information about the flux monitors . . . . . . . 
10.3-Preparation and anal.Ysis of Co/Al and Ag/Al alloys 
10.4-Irradiation .of Co 
flux with known r 
and A Al allo sin a neutron 
To ••••••••••••••••••••••••••• 73 
10.5-Determination of the s 0 value for silver.......... 75 
10.6-Design and construction of an automatic system for 
the scanning of monitor wires ···················~· 77 
LIST OF TABLES 
4.1 - U235 CONTENT IN DEPLETED URANIUM MEASURED BY DIFFERENT 
METHODS ••.•••••••.••.•• o •••••••••••••••••••••••• ~ • • • • 36 
7.1 - Ru106, Cs137, Ce144 ACTIVITIES MEASURED IN SAMPLES FROM 
RIG 1 .............................. f) .. • • • • • • • • • • • • • • • • • • • 50 
7.2 - Ru106, Cs137, Ce144 ACTIVITIES MEASURED IN SA1VIPLES FROM 
RIG 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . • . . . . . . . . 51 
- 5 -
7.3 - U235 AND Pu239 FISSIONS MEASURED IN SAMPLES ?ROM RIG 1. 52 
7.4 - U235 AND Pu239 FISSIONS MEASURED IN SAlYIPLES FROM RIG 2. 53 
9.1 - ENERGY AND INTENSITY OF T~E ALPHAS OF Pu238, Pu239, 
Pu240 .......... 0 •••••••••••••••••••••••••••••••••••••• ~4 
10. 1 - CAPTURE RESONANCE ENERGIES OF U238 AND Tm169 AND RESO-
NANCE INTEGRAL FOR Tm169 ............................... 71 
10.2 - RESUL'rs OF THE ANALYSIS OF THE Co/Al ALLOYS ........... 72 
10.3 - RESULTS OF THE ANALYSIS OF THE Ag;/Al ALLOY ............ 73 
10.4 - ACTIVATION RA~ES AND CADMIUM RATIOS FOR GOLD IN THE PNEU-
MA'rIC TUBE PH2 ....... -. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . '74 
10. 5 - AC'rIVATION RATES AND CADMIUM RATIOS FOR SILVER IRRADIA-
TED IN THE PNEUMATIC TUBE PH2 ....... ~. . . . . . . . . . . . . . . . . ?6 
Figure Pa!;"e 
1.1 - UPPER RIGHT QUARTER OF THE CAPSULE 
1.2 - SKETCH OF THE ISPRA 1 REACTOR CORE 
19 
19 
1.3 - U238 ABSORPTION CROSS-SECTION CALCULATED BY GGC CODE .. 20 
1.4 - CALCULATION OF NEUTRON SPECTRA BY TRANSPORT CODE-DIFFE-
RENTIAL NEUTRON FLUX IN THE CENTER OF THE UC IN THE DIR-
OE LOOP ..•..•.......................................... 21 
1.5 - CALCULATION OF NEUTRON DENSITIES AND FLUXES IN THE DIRGE 
LOOP BY TRANSPORT CODES •.•.••..•....••..•...•.•.• , . . . . . 21 
3. 1 - MICROPHOTOMETER RECORDINGS OF ·NA'rURAL URANIUM . • . . • • . . . . '.3 1 
4. 1 - DOUBLE FISSION CHAMBER . • • . • • . . . • • • . . . • . . • . . . . . • . . . . . . . . ,6 
7 .1 - DECAY OF THE 1 .60 NTeV La140 GAIY1MA PHOTOPEAK EVALUA.TED IN 
A FISSION PRODUCT MIXTURE BY A 3" x 3" NaI(Tl) CRYSTAL •. ,54 
7 .,2 - GAflMA SPECTRUM FOR A FISSION PRODUCT MIX'rURE ABOUT 1 MONTH 
AFTER TP--: END OF THE IRRADIATION (NaI(Tl) 3" x 3" DETEC-
TO _R) •••••••••••••••••••••••••••••••••••••••••••••••. • • • • • 54 
7. 3 - GAMMA SPEC'rRUM FOR A FISSION PRODUCT MIXTURE ABOUT 1 • 5 
YEARS AFTER THE END OF THE IRRADIATION (NaI(Tl) 3" x 3" 
DETECTOR) . . . . . . . . . . . . • . . . . • . • • . • . . . . . . . . . . . . . • . • . . . . . . . 55 
- 6 -
Ficrure 
7.4 - SKETCH OF THE RIGS WITH THE SANTPLING POSITIONS ...•...... 
7. 5 - GA1V1'{A SPECTRUM OF A FISSION PRODUCT MIXTURE ABOUT 1. 5 
YEARS AFTER THE END OF THE IR•~ADIATION ( GERMANIUM Li-DRIF-
TED T")ETECTO R) •••.•••.••.....•..••.•...••.•..•.••.....•.. 
7. 6 - GAJ\'llVIA SPECTRUM OF A FISSION PRODUCT MIXTURE ABOUT 1 . 5 
YEARS AFTER THE END OF THE IR~ADIATION (GERMANIUM Li-DRIF-
Pao-e 
--
55 
TED DETECTOR) G • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 56 
7.7 - SPECIFIC B-COUNTING RATE AS A FUNCTION OF THE f3-EFFICIEN-
CY FOR DIFFERENT SOURCES OF Ce-Pr114 .................... 57 
7.8 - SPECIFIC~ -COUNTING RATE AS A FUNCTION OF THEr.3 -EFFICIEN-
CY FOR DIFFERENT SOURCES OF Ru-Rh106 .................... 57 
7.9 - DECAY SCHEME OF Cs137 - Ba137 m . . . . . .. . . . . . .. . . .. .• . . . . . 58 
7.10- Ru106, Cs137, Ce144 ACTIVITIES MEASURED IN SAWPLES FROM 
RIG 1 . • . . • • . • • . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . • . . . . . . . . . 58 
7.11- Ru106, Cs137, Ce144 ACTIVITIES l\'1EASURED IN SAMPLES FROM 
RIG 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59 
7.12 -U235 AND Pu239 FISSIONS MEASURED IN SAMPLES FROM RIG 1 59 
7.13- U235 AND Pu239 FISSIONS MEASURED IN SAMPLES FROM RIG 2 60 
8.1 - SEPARATION OF THE RARE EARTHS BY CATION EXCHANGE WITH ci/-
HYDROXY- ISOBUTYRIC ACID . . • . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63 
9.1 - ALPHA SPECTRUM OF Pu238 + Pu239 + Pu240 ... . .. . . . . . . . . . . . 6? 
S lTh'!T." ARY 
This report describes the present state of the work 
of developing reliable methods for burnup determinations 
in irradiated uranium carbide (UC) fuel specimens to meet 
the requests of the Orgel Project. Several methods have 
been investigated, in order to be able to perform burnup 
measurements in fuels havin~ different compositions and 
different irradiation histories. The four main methods are: 
1 ) Measurement of U235 depletion. 
2) Measurement of fission products. 
3) Measurement of plutonium. 
4) Measurement of neutron flux. 
In order to utilize these methods it is necessary to 
develop techniques for isotopic composition and activity 
measurements and to develop radiochemical procedures. 
:Moreover the processing of the experimental data normally 
requires a knowledge of the spatially dependent neutron 
spectra existing during the irradiation so that reactor 
physics calculations must be performed. 
Calculations of neutron spectra and related pararneters 
T, r, /3, R ( Section 1), for the UC specimens to bei irradiated 
in the DIRCE loop of the Ispra I reactor, have been made 
using nuclear codes. The ratio Cf / <f s, between the average 
flux in the fuel and the surface flux, has also been calculated, 
this value being necessary in the burnup determination starting 
from neutron flux measurements on the surface of the irradiated 
fuel. 
Investigations have been performed (Section 2) concerning 
the preparation of samples for the different determinations 
starting from big, highly radioactive UC specimens as received 
after mechanical dismantling of the test elements. The main 
problem is the preparation of representative small samples 
starting from a complete cross-section of a UC rod. 
For the measurement of U235 depletion, experiments 
utilizing optical spectrometry (Section 3) and activation 
analysis (Section 4) have been performed. For optical spectrom-
etry the utilization of a hollow cathode lamp has allowed one 
to obtain much higher resolution than with a direct current 
arc discharge. The utilization of activation techniques for 
the measurement of U235 content in depleted uranium has shown 
that these techniques allow one to determine the U235 content 
with a precision of 1-2%. 
Manuscript received on June 20, 1966. 
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Experimental results are also reported for the quanti-
'~ative determination of uranium by colorimetric and coulometric 
rr:.ethods (Section 5) and for the purification of uranium from 
fission products (Section 6). rhe quantitative determination 
of uranium is necessary because the ratio between fission 
product or plutonium activity to uranium weight is the value 
required for the burnup calculation. 
The determination of fission products by O -spectrometry, 
without any chemical separation, has been attempted utilizing 
NaI(Tl) and Germanium Li-drifted detectors (Section 7). Gamma 
spectrometry using Germanium Li-drifted detectors has allowed 
one to measure the activities of the fission products Cs137, 
Ce144 and Ru106 in irradiated samples of UC. Due to the strong 
difference in the fission yields of Ru1'06 for U235 and Pu239 
fission it was possible to determine, by comparison of the 
Cs137, Ce144 and Ru106 activities, the separate contributions 
of the U235 and Pu239 to the total number of fissions. 
In Section 8 the radiochemical procedure required for 
the purification of the stable fission product Nd148 is 
presented. 
The Pu239 + Pu240 activity (Section 9) has been measured 
by oZ spectrometry using a si 1icon surface barrier detector. 
An isotope dilution technique was utilized in this measurement. 
For the neutron flux measurements (Section 10) very 
dilute alloys of cobalt (1% and 0.1%) and silver (0.1%) in 
aluminium have been developed. The utilization of the cobalt-
-silver~ir allows one to determine the thermal flux and 
the r . / T factor. In this connection a new determination 
I 
/ To 
of the s 0 factor for Ag109 has been made yielding 18.23: 0.36. 
In conclusion, it can be stated that 4 different inde-
pendent methods for burnup determination have been set up, 
which can be utilized according to the irradiation history 
J 
of the sample and the information wanted. 
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INTRODUCTION 
After preliminary discussions in October 1964, it was 
decided that the Chemistry Department set up methods for 
the determination of burnup of UC specimens to be irradiated 
in the Ispra I reactor and in the HFR at Petten by the 
Metallurgy Laboratory. 
In the DIRCE loop of the Ispra I reactor, irradiations 13 
of a maximum period of a few weeks in a flux of about 5 x 10 
n/cm2-sec are planned. In the HFR at Petten, irradiations 
of 5000 - 10000 l'f.Wd/T are planned. 
During 1965, the Physical Chemistry Laboratory has 
required burnup analysis of UC samples irradiated in the 
central position of the Ispra I reactor. 
An analysis of the methods reported in the literature 
for the burnup determination has been made, keeping in mind 
the characteristics of the irradiations to be studied and 
the equipment and experience available at Ispra. The most 
widely utilized methods for the determination of burnup of 
uranium fuels are the following: 
1) Measurement of U235 depletion. 
The measurement of U235 depletion allows one to 
determine directly the number of U235 fissions. However, 
this leaves the number of Pu239 fissions to be calculated. 
The Pu239 fission is important mainly in natural uranium 
irradiations. The measurement of the U235 depletion is 
normally made by mass spectrometry. 
2) Fission product determination. 
The fission products used for the measurement are 
norm~lly long half life isotopes or stable isotopes. In 
using radioactive nuclides, sources of error are the 
inaccuracy in the knowledge of the nuclear data such as 
fission yield, decay constant, decay scheme, capture 
cross section, etc, and in the knowledge of the history 
of the irradiation. In the determination of radioactive 
nuclides, D -spectrometry techniques are normally 
utilized. 
The measurement of a stable fission product eliminates 
the inaccuracy due to the knowledge of the decay constant, 
decay scheme and history of the irradiation. The stable 
isotope that appears most interesting for burnup measure-
ments is Nd148 which has a very similar fission yield in 
both U235 and Pu239 fission. Nd148 is normally determined 
by mass spectrometry with an isotopic dilution technique. 
- lU -
3) Plutonium determination. 
Plutonium determination can be utilized for the 
measurement of Pu239 fissions or in a more ~eneral 
way for the measurement of the total burnup. In order 
to obtain the burnup data from plutoniurn measurements 
an accurate knowledge of the neutron energy distribution 
in the irradiated specimen is required. The plutonium 
measurement is the method which most depends on the 
knowled~e of the neutron spectra. 
4) Neutron flux monitoring. 
Neutron flux monitoring at the surface of the 
irradiated specimen appears to be the most simple 
method of determining burnup because it allows one to 
avoid sampling the irradiated fuel and all of the 
radiochemical procedures required by the methods reported 
above. In order to determine the integrated flux received 
by the specimen, the ratio between the surface flux and 
the average flux in the specimen has to be calculated 
or experimentally determined. 
The processing of the experimental data normally requires 
a knowledge of the neutron spectra. The data on the neutron 
spectra necessary to perform a good analysis of the experi-
mental results are: 
a) Temperature of the Maxwellian distribution. 
b) Epithermal index r. 
c) Parameter /3 defined as the ratio of total to thermal 
+ l neutron captures in U238. 
V 
d) Fast fission ratio R. 
All the details on the utilization of these data are reported 
by Hart et al (1). 
REFERENCES 
(1) R.G. Hart, M. Lounsbury, R.W. Jones, M.Y.F. Notley: 
Nucl. Sci. Eng., 1.§., 6 (1964). 
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1 - CALCULATION OF NEUTRON FLUXES AND RELATED PARAMETERS 
C. l'vTongini Tamagnini 
Nuclear Codes Group - CETIS 
1 .1 Introduction 
The knowledge of the neutron energy distribution 
is important for the processing of the experimental da-
ta obtained by the different methods. Only the experi-
mental data obtained by fission product determination 
allows orte to calculate burnup values without requiring 
knowledge of the neutron spectra. 
The calculation of neutron fluxes and related parameters 
have been made for the specimens to be irradiated in the 
DIRCE loop of the Ispra I reactor. The characteristics of 
the loop and the specimens have been changed after the cal-
culations had been performed. 
However the procedure of the calculation is always valid 
and can be utilized for the present conditions. 
1.2 Problem Specifications 
The geometric and physics specifications adopted for 
the capsule during the calculations are schematized in 
fig. 1.1. 
We have considered two cases depending on the presen-
ce in the central region of UC or Pb. 
In the case of UC (natural uranium) we have assumed an 
average temperature of 1000°C, the surface and center tem-
peratures being 600°C and 1300°C respectively. The UC den-
sity was consequently assumed to be 13,6 gr/cm3. 
On the contrary,room temperature has been assumed for 
the case of Pb. As for the organic liquid we have made the 
following assumptions: 
HB fraction= 10%, temperature= 350°C, C/H = 1,29, densi-
ty= 0,843. 
The above described experiment is to be inserted at 
the center of the ISPRA-I reactor in the place of a normal 
fuel element: here it must be noted that the basic configu-
ration of the reactor consists of 19 fuel elements inserted 
in heavy water disposed schematically as sketched in fig.1.2. 
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The fuel elements are in fact of square section, ho-
wever tt~e radius of the rods having an equivalent circu-
lar section is about 4,5 cm, which is the same as for the 
experiment to be ins6rted at the center. 
Note that the distance from the reactor center to cen-
ter of the first ring of elements is 16,3 cm. Since the 
height of the reactor is about 60 cm, while the height of 
the experiment is 15 cm, organic liquid is assumed to be a-
bove and below the experiment. 
Four quantities have to be calculated, in the case of 
UC at the cent er of the experiment, and they are the fol lo.,.. 
wing: 
1) Westcott r inside uranium carbide. It is known that this 
parameter is co·rrelated to the ratio between the epi ther-
mal and the thermal spectrum. In fact, in the Westcott 
conventions, the neutron density distribution per unit 
velocity interval can be written n (v) =(1-f) ~m(v) + 
n 
+ f ~e(v). 
Where ~ m and ~ e are the normalized. Maxwellian and epi-
therrnal density distributions, and f is the fraction of 
the total dens.i ty in the epi thermal distribution. The 
spectral index r is related to f by the formula 
r = f J p:rr / 4, pKT being the cut-off energy for the epi-
thermal distribution. 
2) ~ inside uranium carbide. This parameter is related to 
U238 absorption, and is defined as the ratio between the 
total absorption rate.and the thermal+ 1/v epithermal 
absorption rate. 
3) 9' / f s related to ur2nllL"Tl ~ar'bide ~ In fact, while <p re-
presents the aver.age flux in the UC element, <f s repre-
sents the value of the flux at the external surface of 
the Aluminium cladding surrounding the UC element. Note 
that these fluxes have to be interpreted as integrated 
over the whole energy range. 
4) R inside the uranium carbide. This parameter is defined 
as the ratio between the total number of fissions of both 
U235 and U238 over the whole energy range, to the total 
number of fissions of U235. 
In the case of the presence of Pb instead of UC, only 
the first and third quantity, that is r and f / 'fs, can ob-
viously be calculated. 
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It must be noted here that in the calculations we 
have performed we have assumed a zero derivative for the 
fluxes in the radial direction at a radius of 9.5 cm from 
the reactor center. This hypothesis is of course fairly 
valid when the experiment to be inserted at the reactor 
center is somewhat similar to the fuel elements of the 
reactor. 
In the problem we have to study, this is not the 
case since the Ispra I fuel elements are quite different 
from the capsule mainly in the case of the presence of Pb. 
However, we have found that for the parameters we are se-
arching for, which are related to the -very internal part 
of the experiment, (i.e. the UC or Pb rod), the results do 
not vary when the zero derivative condition is moved from 
the radius of 9.5 cm to other nearby positions. As for 
the axial direction, we have assumed the dimensions of both 
the experiment and the reactor to be infinite. In fact, to 
take into account the height of the capsule would complica-
te every calculation Probably without ~iving better 
results, since the height of the experiment is about 6 ti-
mes its diameter. 
1.3.Approximate calculations of the required parameters r, f>, 
q5 /<p s' and R in the UC rod. 
1) Calculation of Westcott r. 
In this approximate calculation of r we have first assu-
med that in UC the flux above rv0,75 ev has in fact a 
1 /E behaviour. 
This approximation is probably rather good since the UC 
rod is surrounded by moderating materials and moreover 
contains carbon, which is a rather good moderator. 
The problem is then the determination of the spectrum in 
the very thermal region, that -is from zero to"\/0,75 ev. 
For this purpose we have utilized the code THERMOs,(1) 
developed at Brookhaven, which integrates the Boltzmann 
equation in the thermal energy region and in cylindrical 
geometry. Such a code assumes as a boundary condition 
with respect to energy an entering 1/E flux, and with re-
spect to space a zero derivative condition at the exter-
nal radius of the considered region. As we have said be-
fore this radius was assumed to be 9.5 cm. 
A nuclear data library of 30 energy groups is incorpora-
ted into the code for the most used elements. The THERMOS 
code gives as output the neutron density as a function of 
space and energy; more specifically in each of the twenty 
space points chosen in the radial direction from zero to 
9.5 cm, the neutron density is given in up to 30 energy 
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points from Oto 0.75 ev. In such a way we get the 
spectrum from zero to 0.75 ev in the interior of the 
UC rod. 
From the calculations we have performed we have seen 
that fortunately the 1/E shape 1ust begins at the end 
of the thermal range, and this confirms the validity 
of our original hypothesis ( apart from the possi bi li ty 
of flux fluctuations in the epithermal zone due to the 
presence of the U238 resonances). 
In order to get the parameter r we calculate the follo-
wing ratio Q: 
Jn(v)dv 
0 
jn(v)dv 
v* 
Q where v* is a veloci~y at which the spec-
trum can be considered to have a 1/E shape. 
Note that if v* corresponds to the Cadmium cut-off ener-
gy, the above ratio is in fact known as the Cadmium ratio. 
We have, in our hypothesis of a 1 /E flux for v >v*, 
00 v* v* j n(v)dv J n(v)dv j n(v)dv 
Q - ;~(v)dv = 
1 
+ .f:cv)dv = 
1 
+ :(v*) • v* 
v* v* 
Now, from the results of THERMOS we can easily calculate 
Q. 
However, if we remember the Westcott formula, 
n(v) 
n 
1 Q-__ _ 
4 r 
=(1-f)fm+f~e we find: 
T(E(v*) 
KT 
, where T is the Maxwellian tempe-
rature. By comparing the two Q values we can easily find 
the Westcott r. 
The value we obtain at the middle of the UC rod is r=0,024, 
2) Calculation of ~. 
The value of~ is correlated to the one of r by the fol-
lowing expression: 
~ = 1 + r I _ ~ where I is the resonance inte-
S' ao o 
gral as calculated for the geometry considered, and T is 
the neutron temperature. Since we know the values of r 
and T, the problem here is only to obtain the I value . 
The calculation of the resonance integral for a UC rod at 
a temperature of 1000°C can be done by means of nuclear 
codes such as ZUT TUZ (2)(General Atomic) or AREs(3)(Ato-
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mics International). One can obtain the followin2: 
expression: I= A+ B.,~ where A= 4,12, B = 24,5; 
Vw 
and S and 1VT are the surface and rr.ass of the UC rod re-
spectively. 
The value of I comes out to be 12,56b, and consequently 
we obtain ~ = 2: 198. 
3) Calculation of <f / <p s . 
The estimate we have first made of this ratio is a very 
n:pproximate one. In fact the method we have used is va-
lid only with very restrictive hypothe~es which in our 
case are not well verified. The hypotheses are that we 
have a rod of an absorbing material, which does not mo-
derate, and which is not fissile, surrounded by a scat-
tering and moderating material (having possibly an ab-
sorption cross section different from zero). In such a 
case there is a method and a corresponding code(4)(TH~I1L 
developed at CETIS.:JSPRA), which permits the determina-
tion of the ratio q:> / f s at different energy intervals. 
Clearly this is not the case, but we have obtained, using 
the THRILL code, an estimate of <f !cps. for the case of 
a UC rod. 
The values are the following: 
Thermal region 
Epithermal region 
Fast region 
4) Calculation of R • 
= 0,90 
= 0,98 
= 0,95 
Here too a rather approximate estimation has been done. 
However the precision required is not high, and we assu-
me our· method to be sufficiently accurate. 
We have assumed the spectrum to be 1/E from 0,75 ev to 
10 WeV and to be zero above this energy;this is certain-
ly not the case since the flux generally rises above 1/E 
near 0.1 ~lreV, reaches a maximum at about 2 MeV, and then 
drops rapidly above 10 wrev. However from many calculations 
executed in quite similar cases we can assert that such 
fluctuations are not big ones. 
Together with the assumption of the flux shape, we have 
assumed the 6f of U238 to be zero everywhere except bet-
ween 1,3 and 10 MeV, where a constant value of 0,6 b has 
been assumed. 
As for the thermal part of the spectrum, we know it from 
the r calculation.
1
J'rom the relation 
~f38 (v) n(v) vdv 
R ~ 1 + 0}°5
05
(v) n(v) vdv 
we obtain, at th~ center of the UC rod, a value of R=1 ,013. 
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1.4 Detailed Calculations of the parameters r, 0, andcp/Cfs· 
Clearly, if we could have a good flux distribution 
in the whole energy range, without the hypothesis of a 
1/E behaviour in the epithermal zone, the calculation of 
the req~ired parameters would be much more reliable, and 
also much more straightforward. For.this purpose we have 
thought of the nossibility of using the THERFAST code,(5) 
which is a modification of the ·rHER1'1~os code developed at 
CETIS-ISPRA, permittin~ one to treat the ran~e from Oto 
0.1 MeV. 
The energy range has been divided into 30 ~roups. 
The first problem was the preparation of a ~ood nuclear 
data library for the required elements for the 30 ener~y 
groups choosen. 6) 
We have utilized the code GGC( (General Atomics) to 
obtain such a library. This code calculates, for a homo-
geneous region, the energy flux distribution corresponding 
to the given percentage of isotopes; then the code by means 
of an attached basic library of nuclear cross sections (spe-
cified at 200 energy groups), gives the flux averaged cross 
sections over the required broad groups. 
In order to utilize GGC we had consequently to perform the 
homogenization of the given cell, that is, the experiment 
surrounded by a heavy water anulus. However, it is to be 
noted that mixing U238, having high resonance peaks, with 
other materials can lead to results very different from 
the ones corresponding to the real case, in which the U238 
is all in a single central rod. 
With the GGC code, one can fortunately correct the ho-
mogeneous calculations by taking into account the real geo-
metrical configuration of u238. The self shielding correc-
tion is calculated by the code using the Nordheim method. 
It is interesting to compare the results one obtains by GGC 
for the absorber cross sections of U238 in the three diffe-
rent cases of~dilution, 0 dilution, and a UC rod having the 
prescribed geometry and temperature. In fig. 1.3 the three 
curves are reported for the case of 24 energy groups, and 
one can note the strong difference between them. It is 
worthwhile to note the Los Alamos nuclear data library for 
the same number of groups, contains values comparable to 
the ones corresponding to the~ dilution case . 
. Once the nuclear data library was obtained and tran-
sformed into a form able to be read by the code THERFAST, 
we performed the spectral calculations as applied to the 
considered cell. A boundary condition of zero derivative 
for fluxes has been use4 at 9,5 cm. 
·rhe output of THERF'fi.ST consists of a matrix contai-
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ning in each of the 20 space points,chosen from Oto 
9,5 cm, the neutron density in the thirty ener-
gy groups from Oto 0.1 MeV. We have performed THERFAST 
calculations both in the case of UC and of Pb in the 
central zone. 
Fig. 1-4 gives the spectrum as obtained at the middle po-
int of the UC rod. Fig. 1.5 gives the neutron density and 
flux distribution in the different regions of the DIRCE 
loop. 
One e having the flux·es at each point and for each e-
nergy interval, it was obviously possible to calculate 
the parameters r, 0 , and <f / <p s. 
1) r Calculation. 
2) 
As for r the method previously described was followed. 
Now we possess the entire spectrum and the Q value is cal-
culated directly by means of the formula 
J:(v) dv 
0 Q = 
It is to be noted that the previously chosen value of v*, 
that is 0,75, comes out to be a rather good one, since at 
that value of the energy the flux shows in fact a 1 beha-
E 
viour. 
The value of r has been calculated at 4 points equal-
ly spaced inside UC rod. 
The results are: 
r = 0,0246 
r = 0,0244 
r = 0,0239 
r = 0,0229 
Calculation of~. 
Having the fluxes, the parameter P-> can be obtained inde-
pendently and not through the r value just found. In fact, 
if we define X as being an element having the same thermal 
cross section as U238, but being 1/v in the epithermal re-
gion, then (3 can be found from the following relation 
00 
~0aU238 (v) vn(v) dv 
0 
f ~ (v)vn(v) dv ax 
0 
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By using the ~iven absorption cross sections and the 
THERFAST fluxes we obtain, at the four points in UC, 
the followi~g values: 
(2, = 1,205 
P-> = 1,203 
f-> = 1 , 19 8 
~ - 1 , 190 
3) Calculation of cp / f s . 
We can now write 
f dr f:(r,v)v dv 
UC 0 f Ifs =-----
j/~(r,v)v dv ls 
By performing the above integrations, we get for UC rod 
cp /<ps = 0,922 
We note that a satisfactory agreement has been found bet-
ween the approximate and more detailed calculations, the 
one being a check for the other and, to some degree, vi-
ceversa. 
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2 - DISSOLUTION O:? UC SA~.7LES 
H.Scherff - Chemistry Department and 
G.l'fasni - Nuclear Chemistry Laboratory 
Chemistry Department. 
2.1 Criteria in the choice of the UC samDles for the mea-
surement. 
The burnup measurements of small srur-ples of UC, 
ta.ken from irradiated specimens, would greatly simpli-
fy the radiochemical operations. If the radioactivity 
of the samples is kept under a certain level the ope-
rations could be performed without utilizing heavy e-
quipment such as a lead cell. ~lso all the problems 
connected with the transport of the samples and with 
the st9rage of the waste would be highly simplified. 
However, operating with small samples it is pos-
sible to make large errors if such -phenomena as dif-
fusion of fission products and plutonium, and asym.me-
try of flux are present. 
Radial distribution studies in U02 (1) have shown that 
cesium is grossly depleted in the high-temperature re-
gions of the fuel and that plutonium may be depleted in 
regions with a high thermal ~radient. Probably also o-
ther isotopes, which can be utilized in the burnup de-
termination,diffuse in the fuel although in less impor-
tant ways. 
The asymmetry of flux is the other fact limitinq; the 
possibility of operatinq; with small S8Jl1.ples. 
For these reasons, R.G.Hart et al (2), in burnup 
measurements of U02 specimens, have analysed only pel-
lets correspondine to a complete cross section of the 
cylindrical specimens. Takinz the complete cross sec-
tion eliminated the necessity of integratin~ radially, 
leaving only the vertical inte~ration. 
The conditions for the specimens irradiated in the 
central position of the Ispra I reactor are quite favo-
rable because flux symmetry can be assumed (however this 
symmetry will be experimentally checked). 
Further the thermal conductivity is higher in UC than 
in uo 2 and the temperature gradients are consequently 
smaller. Moreover the diffusion coefficients in UC are 
normally smaller than the diffusion coefficients in uo2 . 
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The irradiations made by the Physical Chemistry Labo-
ratory and planned by the Metallur~y Laboratory in 
DIRCE have periods of a few weeks. These relatively 
short periods will keep the diffusion processes at a 
low level. 
For these reasons we hope to be able to obtain 
representative results from the UC irradiated by the 
Physical Chemistry Laboratory even operating with small 
samples removed by impact from the surface of the cylin-
drical specimens (See Section 7). 
A more accurate sampling was not possible because the hot 
cell was not equipped for cutting the UC specimens. 
The data obtained from these samples have to be modified 
on the basis of the radial and axial distribution of the 
fission rate in order to obtain the burnup data for the 
whole specimen. 
Also in the DIRCE irradiations, which will be made under 
similar conditions, we expect to have diffusion phenomena 
of small importance and to be allowed to operate with small 
samples. 
However, in the case that these predictions are wrone 
for the irradiations in the Ispra I core and mainly for 
the long period irradiations planned at Petten in condi-
tions of flux asymmetry, we are equipping a lead cell with 
10 cm thick walls for the dissolution of large amounts of 
UC - maximum 100 g - and for the sampling of small amounts 
of solutions for radiochemical determinations. 
For the samples irradiated at Petten, a limit to the amount 
of UC to be treated in the lead cell will probably be pla-
ced by the gamma activity level. 
2.2 Methods for the dissolution of UC. 
A complete review of the reactions of uranium mono-
carbide with water and with aqueous solutions of NaOH, 
HCl and H2so 4 is presented by M.J.Bradley et al (3). The 
data on the reaction of uranium monocarbide with HN0 1 are 
reported by L.M.Ferris and M.J.Bradley (4) and by J.R.Fla-
nary et al ( 5) . 
We have selected data reported by these Authors for 
unirradiated and irradiated UC, prepared by arc melting 
of U+C by tungsten or graphite electrodes and with a car-
bon content 4.6 - 4.8%, because the characteristics of the 
UC to be utilized by the Metallurgy Laboratory are similar. 
Water (3). 
Unirradiated uranium monocarbide reacts with water 
between 25° and 100°C yielding, as a hydrolysis product, 
a gelatinous, hydrous, tetravalent uranium oxide. The gas 
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evolved in the hydrolysis performed at 80°C (90 ml (STP) 
per gram of UC) consists of 88 vol.% methane, 9 vol.% 
hydrogen and 3 vol.% C2 - to Cg - hydrocarbons. 98% of 
the total carbon was present in the gaseous products. 
The reactor irradiation of UC has an important ef-
fect on the hydrolysis. Two specimens irradiated to bur-
nups of 0.6 and 1.6 at.% were inert to water at 80 and 
100°c. 
Another specimen irradiated at a burnup of 0.6 at.% hy-
drolyzed partially and the evolved gas consisted of a 
higher amount of hydrogen and lower amount of methane 
with respect to the hydrolysis of unirradiated UC. 
Another specimen irradiated at a burnup level of 0.06 
at.% hydrolyzed completely but the gaseous products also 
contained in this case more hydrogen and less methane than 
in the hydrolysis of unirradiated UC, and the carbon pre-
sent in the gas was only 86% of the total carbon. 
Sodium hydroxide (3). 
The reaction of unirradiated UC with 6N NaOH at 80°C 
yields 104 ml (STP) of gas per gram of UC consisting of 
25 vol.% hydrogen, 72 vol.% methane and 3 vol.% C2 - to c8-
hydrocarbons. 93% of the total carbon was present in the 
gaseous products. 
A specimen irradiated at a burnup level of 0.6 at.% 
was inert to 6N NaOH at 80°C. Gas evolution from a 0.06 
at.% burnup specimen was considerably slower than from 
the unirradiated carbide, although the reaction did go 
to completion. 
The reaction of this specimen produced more hydrogen and 
less methane than the unirradiated carbide. Only 60% of 
the original carbide carbon was found in the gas from the 
irradiated specimen. 
Hydrochloric Acid (3). 
Both unirradiated and irradiated UC reacted readily 
at 80°C with hydrochloric acid soluti~ns. In general, the 
irradiated specimens were more reactive than the unirra-
diated. In the hydrochloric acid reaction, the irradia-
ted carbides again yielded more hydrogen and less methane 
than unirradiated monocarbide; however the irradiation ef-
fect was less pronounced than that found with water or 
NaOH. Eighty to ninety% of the original carbon in their-
radiated carbides was found in the gaseous products, while 
the uranium product was a solution of UCl4. Although the 
HCl concentration did effect the rate of reaction, the gas 
compcrsition was about the s?Jne with both 2 and 6 M acid. 
Sulfuric Acid (3). 
The reactor irradiated specimens also reacted with 
6W H2so4 at 80°C. Again the amount of hydrogen produced 
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increased with increasing burnup, while the amounts of 
methane and carbon recovered in the gas decreased. The 
uranium ~roduct was the insoluble U(so4)2, 4 H2o. 
Nitric acid ( 4) ( 5) . 
Unirradiated and ir·radiated uranium carbide dis-
solved in 2 to 16 M HN03 yielding gases comprised mainly 
of N02, NO and C02. The off-gas composition varied with 
the acid concentration. Traces of N20 were found, but no 
CO, H2 , or gaseous hydrocarbons were detected. The car-
bides were almost completely passive in very dilute (0.001 
to 0.5 M) acid. Between 30 and 50% of the carbide carbon 
was converted to species soluble in nitric acid irrespec-
tive of the carbide, reaction time, or variations of acid 
concentration between 2 and 16 M. 
The soluble organic compounds mainly consist of oxal-
ic acid (0 to 11 % of the carbide carbon), mellitic acid 
(2 to 9% of the carbide carbon) and 0ther unidentified 
compounds which are probably aromatics highly substituted 
with - COOH and - OH groups. (6) 
These organic impurities may interfere in the recovery of 
uranium and plutonium by solvent extraction. A partial deg-
radation ~f the mixture of organic impurities to carbon 
dioxide can be obtained by strong oxidation. 
2.3 Exnerimental results on the UC dissolution. 
The uranium carbide to be utilized in the irradiations 
of the Metallurgy Laboratory is prepared by NUKEM.( Nukem, 
Nuklear - Chemie & Metallurgie G.M.B.H., Wolfgang 645 Hanau, 
Main, German~. 
The preparation process is based on the reaction U02 + 3C _.. 
UC+ 2 CO at 1700° - 2000°C and uses arc melting of UC with 
graphite electrodes. The UC density is 13. 6 g/cm3. 
The stoichiometric content of carbon in uranium monocarbide 
is 4.80%. The analysis has shown a content of C+O+N = 4.75 
! 0.2%. The content of O +Nin the first preparations was 
rv O. 15% and in the most recent preparations ,v O. 05%. The 
UC2 amount was very small; small amounts of elemental ura-
nium may be present. 
Experiments have been done in our laboratory on the 
dissolution of UC samples prepared by NUKEM. 
It is convenient for separations of uranium and plutonium 
by solvent extraction to use a nitric acid solution. In 
order to avoid the formation of organic compounds in the 
direct attack with HN03 it would be useful to perform a 
preliminary hydrolysis of the UC. 
We have hydrolysed three samples, 82 g, 52 g, and 
41 g with water at 90°C corresponding to complete cross 
sections of a cylinder 25 mm in diameter; after 24 hours 
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the hydrolysis was not yet completed. The dissolution 
of the samples was obtained by addition of cone HN0 3. In order to reduce the dissolution time we have decided 
to operate directly with HN03 and to investigate the 
interference of the ort:ani.c compounds on the extraction 
processes (see Section 6). It has been found that the 
organic compounds don't interfere in the quantitative 
Uranium extraction by TBP. In the extraction of Pluto-
nium a quantitetive yield is not required and eventual 
interferences reducing the yield are not troublesome. 
A direct treatment of the UC with 2M HN0 3 has permitted 
complete dissolution of a 50 g sample in 14 hours, oper-
ating at go 0 c. 
Also the direct attack on UC by F' and H2so 4 has been tested. The dissolution of a 40 g semple has been 
obtained in about 3 hours operating with cone HCl. 
Small samples have been dissolved in a fevv hours in 20~0 
H2S04. 
Th~ UC irradiated by the Physical Chemistry Labora-
tory is arc melted and has a carbon content of 5 + 0.1%, 
which is higher than the stoichiometric content - - 4. 8%. 
Experiments made with HCl and HNo 3 on unirradiated UC have shown that it dissolves in a way similar to the 
NUKETv: product. 
The dissolution of the irradiated samples required a 
longer time with both 3M HCl and 3-6M HN0 3 . 
A short investigation has been performed on. the 
possibility of preventing the polymerization processes, 
producing the organic compounds in the direct attack on 
UC by HN03 1by addition of nitrobenzene or benzophenone. 
Experiments have been performed using small samples (,,.J 1 g) 
of UC and 3M, 6:r..rr and 9M HN03. No difference has been 
observed with and without nitrobenzene and benzophenone. 
However we believe that a more accurate investigation 
could give interesting results. 
In conclusion in the future we plan to utilize dis-
solution by HNO~, using different molarities depending 
by the amount of UC to be dissolved. 
·l'he dissolution of high activity samples will be perform-
ed in a lead cell. In the lead cell the sampliYJ.g of s:riall 
aliquots from the bulk will be made. 
The activity of these aliquots will allow one to operate 
in a glove box or a fume hood without special shielding. 
The lead cell to be utilized has 10 cm thick walls and 
is equipped with Model 7 master slave manipulators and 
with a glove box for handling dv activities. 
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3 - THE ISOTOPIC DETERMINATION OF U-235 AT LOW 
CONCENTRATION BY OPTICAL SPECTROGRAPHY. 
Z. Hainski, G. Rossi, N. Omenetto * 
Analytical Chemistry Laboratory 
Chemistry Department 
A paper has already been published (1) on the spectro-
graphic determination of Uranium isotopic ratios for low 
contents of U235. The operating conditions, using a Jarrell-
-Ash Mark IV, 3.4 m Ebert spectrograph, were the following: 
grating: 7.500 grooves/inch blazed at 33° and 61° 
grating s.etting: 61 ° equivalent to A 4244 14 th order 
slit width: 10 p 
Filter: Kodak wratten 2 A 
Excitation: D.C. Arc 10 A 
Pre-burn period: 6 sees 
Exposure period: 30 sees 
Electrodes: National SPK grade 
Arc gap: 4 mm 
Samples: 20-50 mg in the form of U303 
Plates: Kodak S.A. 1 
Emulsion calibration: Iron arc through 7 step filter 
Precision studies, made with the above described procedure, 
were carried out at the natural uranium level by arcing 
twenty-one samples. A standard deviation of 0,0398, with a 
6' % = 5, 62 was obtained. 
Although this problem can be solved by optical spectro-
scopy with good accuracy, the error coming from the plate and 
the microphotometer can play a very important role. On the 
other hand, a D.C. arc discharge, very luminous and highly 
sensitive, shows a markable instability associated with a 
continuum background and a Doppler broadening of spectral 
lines, which is impractical when high precision is required. 
Moreover a 20 - 50 mgr sample is needed for a single deter-
mination. 
The necessity of overcoming these difficulties has led 
us to study the hollow cathode lamp as an alternative source 
of excitation. This source, widely used infue study of iso-
topic spectra, shows high stability, lack of spectral back-
gr~und, and highly reduced Doppler effect; however its lumi-
* On leave from Radiochemistry Laboratory, Pavia University. 
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nosity is poor. These properties allowed the determination 
of U235 down to the naturally occurring level by direct 
reading methods, and of enriched Uranium by photographic 
procedures. 
The working currents ranged between 80 and 300 mA. 
In order to increase the luminous energy of the 
discharge and consequently to record photographically the 
low U235 concentration, lamps working at high energy rate 
were investigated. For this -purpose, the lamp requires an 
efficient cooling system to get a sharp line definition, 
a suitable geometry to avoid the tendency of the discharge 
to turn in the arc condition and a good electrical isolation 
between the anode and the cathode body to concentrate the 
negative glow into the cathode. Since a commercial lamp 
working at high current gave no satisfactory results, sev-
eral models of lamps were built and tested in our laborato-
ry. 
The highest excitation of the Uranium is obtained when 
the cathode is made from the Uranium metal. However the 
practical impossibility of working under these conditions 
has led us to study ways by which the uranium sample could 
be deposited as an adherent layer in the bottom of a suita-
• . ble cathode. As cathodic material, stainless steel, nickel 
and graphite were investigated, the Uranium being introduced 
either as uranyl nitrate, or as a refractory oxide, or as a 
refractory oxide dissolved in hydrofluoric acid. 
The first two compounds were discarded because of the dis-
charge instability and of the poor luminosity. 
The layer obtained the third way allows a stable discharge 
condition lasting about 60' to be reached after 15' warm-up. 
However with a stainless steel cathode a preferential exci-
tation of Cr was observed, the Uranium being excited only 
to low extent and not affected by large variations in the 
discharge parameters (type and pressure of the inert gases). 
A slight increase of the uranium intensity was obtained 
using nickel .cathodes. 
Graphite was finally chosen due to its high sublimation tem-
perature and excitation potential. 
Moreover its spectrum is free from lines and background. 
On the other hand the graphjte absorbs gases and a eonsid-
erable quantity of the solution introduced in the cathode, 
causing a lower sputtering efficiency in the glow. 
To overcome the diffusion of the solution into the graphite, 
the cathodes were first dipped in a solution of paraffin in 
cc14 and the excess of paraffin was evaporated. Fig. 3.1a shows the microphotometer tracing obtained by D.C. 
arc excitation. 
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Fig. 3.1b, 3.1c, 3.1d, show the microphotometer tracin~ 
obtained with the stainless steel hollow cathode and U 
P'letal, 'Ni th nickel hollow cathode and u3os + HF, and with 
graphite hollow cathode and u3o8 + HF respectively. We are now performing studies on the reproductibility and 
the precision which can be obtained with the source. 
In the near future we intend to study the application 
of a direct reading system with mechanical displacement 
of photomul tipliers along the entire spectral re.i:i;ion in 
order to achieve the maximum refinement and improvement 
of the technique. 
REFERENCES 
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4 - lYIEASURElYIENT OF U235 CONTENT IN URANIID/f 
BY ACTIVATION TECHNIQUES. 
M. Bresesti 
Nuclear Chemistry Laboratory 
Chemistry Department 
4.1 Introduction. 
The activation techniques have been utilized in 
the determination of the U235 of depleted uranium,per-
formed in collaboration by F. Rustichelli and G. Ma-
racci of the Experimental Neutron Physics Laboratory 
-Reactor Physics Department - and M. Bresesti of the 
Nuclear Chemistry Iiaboratory - Chemistry Department. 
In these measurements we have obtained information on 
the accuracy that can be obtained by activation tech-
niques and on the possibility of utilizing these tech-
niques for the burnup determinations. 
The measurements reported here have been made by two 
different activation techniques in the two laboratories. 
For natural uranium, taken as a reference, we have as-
sumed a U235 content of 0.712% by weight. 
4.2 Experimental. 
Method 1. 
Pairs of 1/10 mm thick natural Uranium and 2/10 mm 
thick depleted Uranium foils, 12 mm in diameter, have 
been irradiated in the thermal column of the Ispra I 
Reactor in a thermal flux of about 109 n/cm2sec. The 
total gamma activity of the fission products has been 
measured after a few hours cooling using a 1 ~ x 2" 
4 
Nal(Tl) scintillation spectrometer with a threshold set 
at 0.72 MeV, as suggested by J.R. Wolberg et al. (1). 
The capture reaction in U238 and the decay chain of the 
resulting U239 nuclide is the following, 
U238 (n, O) U239 @ - ..- N-p2'39 
23m 
Pu239 
The maximum enerp;y of the betas and associated brems-
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strahlung is 1.2 MeV for U239 and 0.72 MeV for Np239. 
The gammas associated with these beta decays have lower 
energies than the maximum beta energies. 
Therefore, after a cooling period of a few hours to allow 
the U239 to decay, the fission product gamma activity can 
be measured free from capture product interference with a 
threshold set at 0.72 MeV. 
The depleted and natural Uranium foils have been 
alternately measured and the ratio between the gamma activi-
ties has been found to be constant with time. The gamma 
activity per mg of Uranium has been assumed to be propor-
tional to the U235 content, the fission of U238 being ne-
gligible under the flux conditions present in the thermal 
column. The natural activity of the foils has been sub-
tracted, and small corrections for neutron self-shielding 
(2), for fission produ~t losses due to the recoils (3) and 
for dead time losses in the counter have been introduced. 
The total correction is about 2%. The results are reported 
in table 4.1. 
Method 2. 
Pairs of natural Uranium and depleted Uranium samples 
have been irradiated in the graphite reflector of the Ispra 
I Reactor, close to the heavy water tank, utilizing a 
thermal flux of 2 x 1013 n/cm2-sec which is much higher than 
in the thermal column. The Uranium samples were wrapped in 
Al foils, which were thick enough to stop all the fission 
products. After irradiation both the Uranium and Aluminium 
were dissolved in 6N HCl and sources were prepared using 
suitable amounts of solution in order to have similar gamma 
activities in both the natural Uranium and depleted Uranium 
sources. 
The 1.60 MeV gamma ray photopeak of La140, daughter of 
the fission product Ba140 (12.8 d half life), has been 
evaluated using a 3" x 3" NaI(Tl) crystal connected to a 
multichannel pulse height analyser. This gamma is emitted 
with an intensity of 96.1 + 0.8%.(4). The photopeak can be 
evaluated without interference from other gamma emitters 
present in the mixture of fission products, starting from 
about ten days after the end of the irradiation and conti-
nuing for a period of a few months (5). By following the 
decay of La140, which reaches transient equilibrium with 
Ba140 in about 2 weeks, it is possible to check for the 
absence of gamma activity in the 1.60 MeV region due to 
capture products from Uranium impurities. The photopeak 
activity per mg of Uranium has been assumed to be propor-
tional to the U235 content. Small corrections have been 
introduced for neutron self-shielding (2) and for the U238 
fission contribution which has been determined by irradia-
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tion under Cadmium. The total correction is 1.6%. Results 
are reported in Table 4.1. 
The results of these activation techniques have been 
checked using a double fission chamber placed in the ther-
mal column of the Ispra I Reactor. In this counter, shown 
in fig. 4.1, the fission rates of natural and depleted 
Uranium, deposited on Platinum discs by vacuum evaporation, 
have been measured. The areal density of Uranium was about 
0.20 mg/cm2 and had previously been determined in each 
target by an X-ray technique in the Analytical Laboratory 
of the Chemistry Department. 
The chamber was filled with Argon 
to a pressure of 1 atm. The anode 
slope of·the discriminator curve, 
/mv was 2.1 x 10-5 . 
containing 2% Nitrogen 
voltage was 50Q V and the 
expressed as /1 counts / 
total counts 
Background was measured by operating with a Uranium deposit 
in one chamber to monitor the flux and with a Pt disc with-
out Uranium deposit in the other chamber. The background 
was found to be proportional to the neutron flux. 
The measured fission rates have been corrected for dead 
time and fission product absorption (3) in the Uranium 
deposits. The fission rate per mg of Uranium has been assu-
med to be proportional to the U235 content, the fast fission 
of U238 being negligible in the flux conditions of the ther-
mal column. 
The results are reported in Table 4.1. 
A measurement by the BCMN laboratory at Geel, using mass 
spectrometry gave a U235 content of 354 + 14 ppm (95% con-
fidence) for the same sample, in good agreement with the 
activation techniques. 
4.3 Conclusions. 
The observation of the agreement of the data obtained 
with the different methods allows one to conclude that the 
activation techniques can be utilized in the burnup deter-
mination when an accuracy of about 2% is sufficient. 
Naturally the accuracy required depends on the depletion 
of U235. The accuracy of 2% is not good for burnup deter-
minations in DIRCE irradiations where a maximum U235 
depletion of 10% is expected and on the contrary can be 
sufficient for the irradiations at Petten where much hi-
gher U235 depletion is expected. If the activation tech-
niques are to be utilized, the uranium to be irradiated 
for the U235 content determination has to be carefully 
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purified from the fission products and transformed into 
a chemical com~ound of known uranium content. In fact, 
a known amount of uranium has to be irradiated. 
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Table 4.1 - U235 content in depleted Uranium measured 
by different methods. 
U235 content Average value 
Method Experiment (ppm by weight) (95% confidence 
level) (6). 
~otal gamma 1 356 
counting wi t.h 2 359 
a O. 72 MeV 3 354 
threshold 4 357 
5 351 355 :!: 4 
La140 1.60MeV 1 355 
gamma photopeal 2 361 
measurement 3 345 
4 350 
5 370 
6 370 
7 356 358 :!: 9 
Fission rate 1 357 
me.asurements 2 353 
by a double 3 361 357 + 10 
fission chsmbeI 
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Hi h tension and s1 nai 
Gas 1n ut Gas out ut 
Aluminium 
Uranium de osits 
Fig. 4. 1 - DOUBLE FISSION CHl\1',7BE-q 
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5 - DETERIVTINATION OF TOTAL URANIUM IN PURIFIED SOLUTIONS 
FROM THE DISSOLUTION OF IRRADIATED UC. 
J. Collin, G. Serrini 
Analytical Chemistry Laboratory 
Chemistry Department 
?or this determination the following methods have been 
taken into cons-ideration and studied in some detail: 
5.1 - Extraction of uranium with trioctylphosphineoxide, 
and colorimetric determination with dibenzoylmethane. 
5.2 - Coulometric determination at controlled potential. 
5.3 - O~her methods. 
5.1 Colorimetric determination with dibenzoylmethane. (1) (2) 
Principle of the method. 
The uranium is separated from the aqueous solution, 
and from interfering elements contained therein, by extrac-
tion with trioctylphosphineoxide (TOPO) dissolved in cyclo-
hexane. The aqueous solution of uranium may contain sulfuric, 
nitric or perchloric acid; chloride ions interfere. The colo-
rimetri.c determination is based on the formation of a yellow 
complex between uranium and dibenzoylmethane in the organic 
phase. Na, K, Ca, Cd, Co, cr+3, Al_, Y, La and Fe+ 2 do not in-
terfere if present in less than a 300 fold excess of the ura-
nium content~ cr+6, V, Fe+3, Th, Zr, Ti and phospate ions do 
interfere in the determination; they may either be reduced to 
a lower valency state or complexed by suitable additions of 
masking agents. (2). 
Experimental results. 
The minimum quantity of uranium which can be determined 
by this method is about 20 pg. The optimum concentrations are 
between 200 and 2000 pg. Starting from a uranium standard so-
lution the following precisions have been obtained experimen-
tally: b · 100 
Amount of uranium determined Coefficient of variation%= ---
)lg 
100 
300 
500 
1 • 18 
0.64 
0.80 
X 
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These values have been obtained from a series of 10 de-
terminations for each concentration level. 10 determina~ 
tions ner day can be perforrned by one person, if the ac-
tivity level of the solutions obtained for the analysis 
allows this to be done in a normal chemical laboratory. 
5.2 Coulometric determination at controlled potential. 
Principle of the method. 
The solution to be analyzed must be riure and contain 
the uranium in the hexavalent state in a sulfuric acid me-
dium. Nitric and hydrochloric acid solutions can be easily 
transformed·into sulfate solutions by evanoration with con-
centrated sulfuric acid. The method is based upon the re-
duction of U (VI) to U(IV) at a potential of - 0.450 V/SCE. 
If the determination is performed in 0.1N oxalic acid (3) 
traces of iron and phosrhate don't interfere. 
Exnerimental results. 
A coulometer of the type O.R.N.L. Q - 2005 x 50 combi-
ned with a digital voltmeter has been utilized. Startin~ 
from a standard solution in a sulfuric acid medium the fol-
lowing values have been obtained: r; 
Arrount of uranium determined Coefficient of variation%= - ·~ OO 
pg 
tl-000 
700 
350 
70 
0.35 
0. 30 
0.88 
1 • 27 
I1hese values have been calculated from a series of 10 de-
terminations for each concentration level. 
The method of determination for samples containin~ 
.1000 and 700 po:, of U has been develo-ped for use· as a rou-
tine analysis. With this method the "automatic stop" fea-
tnr~ of the coulometer is used. More precise results can 
be obtained when the method of substrBctin~ the residual 
current is applied. 
Exnerirnents are under way in order to study the cou-
lometric determination in media different from suphuric 
acid (3) (4) (5) and to obtain still better renroducibi-
Li ty of the determination. An installation, allowin.ci; the 
determination in moderately radioactive solutions has been 
ordered. 
5. ~ Other methods. 
In order to check, if necessary, the vield of the dif-
ferent steps of the purification of uranium from fission 
nrodncts bv solv"""nt extraction, to be performed by the Nu-
~ l oi=tr (;h onii s+;-r,r T,8hnr!'.lt0rv, the fol l_nwi_n CJ' Rnalytic qJ t ech-
X 
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n1ques can also be utilized: 
1) For hi~h uranium concentrations: ~ravimetry, volumetry 
and colorimetry with H2o2 . 
2) For trace amounts of urEmi um : fluorimetry. 
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6 - URANIUM PURIFICATION FROM FISSION PRODUCTS 
H. Scherff - Chemistry Department and 
G. Magni - Nuclear Chemistry Laboratory 
Chemistry Department. 
6.1 Introduction. 
The Uranium samples to be analyzed for Uranium content 
(see Section 5) and for isotopic composition by Optical 
Spectrometry (see Section 3) have to be purified in order to 
reduce their activity to the levels permitted in the Analyt-
ical Chemistry Laboratory. 
When the samples are analyzed for Uranium content, 
the purified Uranium has to be recovered quantitatively. 
For the samples used for isotopic analysis the recovery of 
Uranium does not have to be quantitative. 
A particularly good decontamination will be required if 
the neutron activation method (see Section 4) is utilized 
for U235 content determination. 
6.2 Experimental. 
For the separation of Uranium from fissi.()n products the 
TBP - hexane extraction has been tested. The yield of the 
Uranium extraction has been measured for solutions of unir-
radiated UC dissolved in nitric acid. Decontamination factors 
have been measured for solutions of irradiated UC dissolved 
in nitric acid. 
lt.§l;lil.IlJi§ -=-
Extraction reagent. Dissolve 56 g of Al(N03)3 · 9 H2o 
and 5 g of citric acid in 100 ml of 1N HN03 . Mix 2 vo-
lumes of this solution with 1 volume of a 6.7 M Li No 3 
solution. 
Lithium nitrate solution, 6.7 ~. Dissolve 231 g of Li N0 3 in water and dilute to 500 ml with water. 
TBP - hexane reagent. Dissolve 30 volu..mes of TBP inn -
-hexane and dilute to 100 volu.vnes with n-hexane. 
1' .rJ:i..c..e..d..1.U'..e...1_ 
Pi~et in a centrifuge tube 5 ml of TBP solution, 4 ml of 
extraction reagent and 500-1 OOO ;u of the Uranium solu-
tion. Close the tube, stir by hand for 3', centrifuge 
the two phases for 3' and separate the organic -phase. 
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Wash the organic phase twice with 3N HN03. 
Strip Uranium from the organic phase using 0.01 N 
nitric acid. 
6.3 Results. 
Three experiments have been performed on Uranium so-
lutions (50-100 g/1) obtained by dissolving unirradiated 
UC in nitric acid of different molarities. The amount of 
Uranium separated was between 20 and 100 mg. The yield of 
the separation was measured by the Analytical Chemistry 
Laboratory by determining the Uranium content in the aqueous 
phase after the extraction. 
The yield of the separation in the three experiments was 
found to be about- 99.9%. We have to point out that this 
yi~ld was obtained in the presence of the organic compounds 
formed in the nitric acid dissolution of UC. The organic 
compounds appear not to interfere. The decontamination fac-
tors, determined by O -spectrometry measurements on the 
initial solution of irradiated UC and on the final 0.01N 
nitric acid solution, are about 5 x 104 for Qe144 and Cs137 
and about 103 for Ru106 and Zr95 - Nb95. 
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7 - FISSION PRODUCT DETERMINATION BY GAMMA SPECTROSCOPY. 
A.M.Bresesti, J:vT.Bresesti, F.Cappellani, G.Ma.gni, G.Restelli 
Nuclear Chemistry Laboratory - Chem\stry Department 
7.1 Introduction. 
When the number of atoms of a .nuclide formed in fis-
sion is known it is possible to determine directly the num-
ber of fissions by utilizing the fission yield of the nu-
clide. The calculation can be performed without taking into 
account the neutron energy distribution in the irradiations. 
The most simple method of measurement of radioactive 
nuclides is gamma spectroscopy, whic~ in many cases allows 
one to operate without chemical separations. However, to 
obtain the number of atoms of a radioactive nuclide formed 
in fission from activity measurements it is necessary to 
know the decay constant of the isotope and the history of 
the irradiation in order to calculate the decay correction. 
When the half life of the radioactive nuclide is not long 
in comparison with the irradiation time1 the decay correction is important and a poor knowledge of the decay constant or 
irradiation history can introduce strong errors. Other sources 
of inaccuracy in the burnup determination by radioactive fis-
sion product measurements may be the poor knowledge of the 
decay scheme and of the neutron capture cross section of the 
nuclide. Also, an error in the knowledge of the fission yield 
is directly transmitted to the determined value of burnup. 
The situation is more complicated when the nuclide derives 
from the fission of two or more isotopes, for instance U235 
and Pu239 in the irradiation or Uranium. 
Cs137 is an isotope particularly interesting for its 
long half life (30 years), and high fission yield which is 
similar for U235 and Pu239 fission. The half life, the decay 
scheme and the fission yield of Cs137 are reasonably well 
known, and its measurement by () spectrometry does not present 
particular difficulties. However Cs137 can diffuse inside high 
temperature fuels(1) and also fix in the cladding (2). The 
high tendency to diffuse can be explained by the presence of 
elementary cesiu_m in a gaseous state at temperatures higher 
than 670°C. The diffusion phenomena depends on the temperature, 
the temperature gradient, the structural characteristics and 
the irradiation period of the fuel. A calculation of the im-
portance of the diffusion phenomena as a function of their-
radiation conditions is not easy and when the utilization of 
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the Cs137 analysis seems to be convenient, the best pro-
cedure is to perform a preliminary comparison of the burnun 
data obtained by a Cs137 determination with the data obtain-
ed by the determination of other fission products havin~ a 
smaller tendency to diffuse, or by different methods. 
The diffusion of other elements such as alkaline earths 
and rare earths is certainly smaller. Tn these 2-rou1Js the 
fission products Sr90 (28 y. half life) and Ce144 (281 d. 
half life) seem to be particularly interesting. However Sr90 
is a pure 0- emitter and the dau~hter Y90 (64.5h half life), 
in equilibrium with the father, nresents a very weak P:arnrna 
intensity and its determination would.require purification 
from other fission products before the activity measurement. 
Therefore our interest has been particularly fixed on the 
gamma emitting Ce144 which is in equilibrium with the daush-
ter Pr144 (17 m. half life) as an isotope to be measured 
together with Cs137. 
Another isotope of interest is Ru106 (365 d half life) 
in equilibrium with the daup;hter Rh106 (30s half life), which 
presents a large difference between the fission yields for 
U235 and Pu239. This difference can allow a determination 
of the single contributions of U235 and Pu239 to the total 
fissions as shown in the following pages of this Section . 
. 
For short irradiations, and burnup analyses to be per-
formed in a short time, we have consiclered in some detail 
the possibility of measuring La140 which is in equilibrium 
with the fission product Ba140 (12.8 d. half life). For 
short irradiations, the measurement of the nair Zr-95 (65 d 
half life) - Nb95 (35 d half life) also appears to be con-
venient. 
In this Section the most important observations obtained 
in the analysis of fission product mixtures by ( spectrome-
try with NaI(Tl) and Germanium Li-drifted detectors, are 
presented. Also the first results obtained in the burnun 
determination on UC samples irradiated by the Physical Che-
mistry Laboratory are reported. 
7.2 Gamma spectroscopy by NaI(Tl) crystal. 
The f?;amma spectrometer was formed by a 3" x 3" NaI(Tl) 
crystal (Harshaw integral line) connected with a multichannel 
pulse height analyzer. 
In previous experiments we had observed the possibility 
of measuring the 1. 60 MeV Q -photopeak of La 140 directly 
from the mixture of fission products, and this measurement 
was utilized ::i.lso in the determination of the U235 content 
i'n depleted Uranium (Section 4). In the present experiment 
we have determined how long after a short time irradiation 
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of Uranium the 1.60 ~/feV (-photo-peak of Ia140 was free 
from interference from other fission product g2JT1ma rays. 
1a140 (40.2 h. half life) reaches transient equilibrium 
.-.rith the parent Ba140 (12.8 d. half life) in about 2 weeks. 
The fission yield of Ba140 in the fission of U235 is 6.44% 
(3), and in the fission of Pu239 is 5.68 % (3), the inde-
pendent fission yield of La140 being negligible. The 1.60 
rfeV 5sarnma is emitted with an intensity of 96.1 ~ 0.8% C1). 
1I1he decay curve of the 1. 60 TfpV garnma - photopeak 
(figure 7.1) has been obtained from a s2mple of uranium 
carbide irradiated for 4 hours in the 1spra I reactor in a 
thermal flux of 2 x 1013 n/cm2sec. The d~cay curve is a 
straight line for about 100 days after the end of the ir-
radiation and the half life determined from its slope is 
in agreement with the 12.8 day value reported in the liter-
ature. For decay times longer than 100 days the decay curve 
appears to deviate from the straight line probably due to 
the interference of the gammas of Pr144. However, by suita-
ble corrections the O -photopeak of 1a140 could be evalu-
ated also under these conditions. In figure 7.2 the gamma 
spectrum of the fission product mixture about 1 month after 
the end of tbe irradiation is presented. 
In fission product mixtures to be measured after a-long 
decay period, the Pr144 2. 18 MeV o -photcpeak appears to be 
free from interference of other fission product gammas. The 
interfering element for a few months after the end of the 
irradiation is La140 which presents garrmas of 2. 37 (0.86%), 
2.53 (3.0%), 2.89 (0.082%), and 3.10 (0.035 %) MeV (4). 
Interference can also derivate from Rh106, (30 s. half life), 
daughter of the fission product Ru106 (365 d half life), 
which presents several gammas of low intensity in the energy 
range between 2 and 3 MeV. However, the Rh106 interference 
is important only for fuels irradiated in such a way as to 
have a high contribution of Pu239 fissions to the total fis-
sions. 
The measurement of the Pr144 2. 18 MeV O photopeak is 
utilized also for the direct burnup determination in irra-
diated rods (5). The gamma spectrum of a uranium sample ir-
radiated about 1 year before is presente'd in figure 7. 3. 
In figures 7.2 and 7.3 som~other O photopeaks are observed. However these peaks are formed by the sum of garnmas of dif-
ferent fission products and their evaluation would require 
quite complicated procedures. 
7.3 Gamma spectroscopy by Germanium Li-drifted detectors. 
For gamma spectrometry Germanium Li-drifted detectors 
constructed in the. laboratory (6) were used. Due to the 
strong activity of the samples it was preferable to employ 
detectors with smaller volume but better resolution. A 
typical detector was 1 .8 cm2 x 3,5 mm thick. The resolution 
was of the order of 3,8 KeV for the 662 KeV gamma of Cs-137. 
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The detector was stored and operated at liquid nitrogen 
temperature at vacuum from a rotary pump with an applied 
bias of 200 Volts. The detector was connected to a low 
noise charge sensitive preamplifier designed in the labo-
ratory by R.Benoit. The preAmplifier noise was of the or-
der of 2;2 KeV at zero input capacitance. 
The high resolution of Germanium Li-drifted detectors 
allows one to evaluate several nuclides directly from the 
fission product mixture. In the next part of this section 
the applications and results of these detectors are descri-
bed . 
. 4 Determination of U235 and Pu?39 fissions in UC specimens, 
irradiated by the Physical Chemistry Laboratory. 
The Physical Chemistry Laboratory has irradiated two 
rigs containing UC specimens in the Ispra I reactor in 1964. 
3 cylindrical specimens of UC containing natural Uranium 
-1.9 cm in diameter and 3.81 cm long - were irradiated in 
each rig. The 3 UC cylinders were placed ·at a distance of 
about 9 cm from each other by suitable spacers. 
The rig 1 was irradiated for about 400 hours in the 
fuel channel n° 9 at the periphery of the Ispra I core and 
for three cycles of about 260 hours each in the central 
position of the Ispra I core. The rig 2 was irradiated in 
the central position of the Ispra I core for 2 cycles of 
about 400 hours each. 
The samples to be analyzed have been removed by impact 
from the specimen surface, a more accurate method for the 
UC sampling not being available. A sketch of the rigs 
shows the sampling positions (Fig. 7.4). The UC samples 
have weights between 100 mg and 2 g. 
The samples·have normally been dissolved in nitric acid 
solution (concentration between 3 And 6 N) at a temperature 
of about 80°C. A few mgs of inactive carriers of Ce, Cs and 
Ru have been added before the dissolution. 
One sample - n° 5 of RIG 1 - has been divided in two 
parts: the first has been dissolved in 3N HCl, the second 
has been dissolved in 3N HN0 3 . The agreement between the 
activity measurements in the two solutions is within the 
experimental error. The experiment was performed in order 
to check eventual losses of Ruthenium during the nitric 
dissolution. 
The determination of the number of fissions of U235 
and Pu239 has been made by measuring the· activities of the 
fission products Ce144, Cs137 and Ru106 by gamma spectrome-
try with Germanium Li-drifted detectors. A typical gamma 
spectrum obtained about 1 l years after the end of the 
2 
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irradiation and utilized for the measurf"rrent is sr~uwn 1n 
fi~. 7.5. The measurement of the activities has been made 
by evaluating the area of the 513 KeV ;,-2mrra ohotoneak of 
the Rh106 daughter of Ru106, the area of the 662 KeV cr2.>Tma 
photopeak of the Ba137 m daw~hter of Cs157 Rnd the area of 
the 1 3 4 Ke V P:,BJ!lm a D ho ton e ak o f C e 1 4 4 • 
The c,;arr1...rna nhoto-oeaks of Rh106 and Ba137 m. are show:1 1_n ficr. 
7.5 and the o:arnma photoDeak of Ce1114 in fi's. 7.6. 
The Germanium Li-drifted detector has been calibrated 
in efficiency by sources of known absolute activities. 
The absolute activity of the ~air Ce144 - Pr144 has been 
determined by an extrapolation JT1ethod applied to a 4 11f--O 
coincidence measurement. 
A 4 ,Y sas flow counter was used for the ~ -ray measurerrient 
and a 3" x 311 NaI(Tl) crystal was used for the O ray rr.eas--· 
urement. 
The extra9olation method has been suggested for the 
Ce144 - PP144 absolute activity measurement by H. Houtermans 
et al (7). 
Ce144 - Pr144 sources have been prepared on VYNS films with 
the addition of different amounts of carrier in order to 
have different ~ efficiencies determined from the ratio 
between the coincidence counting Ne and the samma counting 
N O . In fig. 7. 7 the 0 count Nf.> obtained for the dif-ferent sources is plotted against the ~ efficiency Bf-> . 
The value of N ~ extrapolated for E0 = 1 is the absolute 
activity of the pair of nuclides Ce144 - Pr144, stLm of the 
absolute activities of the single nuclides. 'I1he measurement 
of the absolute activity of the standard solution has been 
made two times obtaining results in agreement within 1 .5%. 
The absolute activity measurement of the pair Ru106 ~ 
- Rh106 has been determined by a srnilar technique. The 
sources have been covered by aluminium foils thick enough 
to stop all the betas from Ru106. Ru106 is a pure (3 - emit-
ter (EMax = 39 KeV). Aluminiu.rn foils with different thick-
nesses have been utilized obtaining different (3 efficiencies. 
The N ~ values have been extrapolated to Ef-> = 1 (fig. 7 .8) 
obtaining; the absolute activity of Rh106. Ru106 and Rh106 
in equilibrium have the same activity. 
Two measurements of the absolute activity of the standard 
solution have been made obtaining an agreement within 21c. 
The absolute activity of the standard solution of Cs137 
has been measured by 4 i1 f-> - counting and by lf -spectrometry 
with a Y1 x 311 NaI(Tl) crystal with Beryllium window. In 
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the 41T measurement we have assumed for the f-, - and con-
version electron efficiency a value of 0.96. This value 
has been chosen on the basis of our previous experiments 
in beta counting. 
In the r-spectrometry measurement we have evaluated the 
662 KeV ~amma photopeak of the Ba137 m daughter of Cs137 
utilizing the efficiency ~alues reported by R.L. Heath (8). 
For the decay scheme of Cs137 - Ba137 m (fig. 7.9) we have 
assumed the following data (9): 
95% of Cs137 decaying to Ba137 m: e/o = 0.119 
hence 10.1 conversion electrons/ 100 dis 
84,9 gammas/ 100 dis 
The agreement between the results of the two techniques 
is within 2% .. 
All the measuremen~s with the Ge-Li drifted detectors 
have been made on sources of 5 ml nf solution placed in 
small polythene bottles. The UC content in the sources was 
in the range of 1 - 4 mg. 
The activities of Ce14~, Cs137 and Ru106, corrected 
for decay, are reported in tables 7,1 and 7,2 for the two 
rigs. The decay correction of Ru106. has been calculated ta-
king into account separately the decay of Ru106 from U235 
fission and the decay of Ru106 from Pu239 fission. The 
fission rate of U235 can be considered t·o be constant during 
the irradiation while the fission rate of Pu239 is increa-
sing with time. In the calculations we have utilized the 
following half-lives (9): 
Ce144 
Ce137 
Ru1 o·F; 
284 days 
30 years 
365 days 
Destruct·ion by neutron capture and formation from the 
ad.jacent mass chains of the nuclid.es Cs137, Ce144, and Ru106 
have been assumed to be negligible on the basis of the 
neutron cross sections reported in the literature. 
The neutron ca-pture cross section of Cs137 has been 
measured by D.C. Stupegia to be 0.110 + 0.033 barns for 
pile neutrons (10). The cross section for thermal neutron 
capture by the stable fission product Xe136, producing Xe137, 
father of Cs137, has been measured by M. Bresesti et al (11) 
to be 0.281 + 0.028 barns. The thermal neutron capture cross 
section of Ce144 has been reported by P.M. Lantz to be 
1.00 + 0.1 barn (12). 
The formation cross section from Ce143 (33 h half life) has 
been measured by L.P. Roy and L. Yaffe (13) to be 6.0 + 0.7 
barns for pile neutrons. 
The thermal neutron capture cross section of Ru106 has been 
measured by R.D. Werner and T.A. Eastwood (14) to be 0.146 + 
+ 0.04 barns. The formation cross section from Ru 105 has 
been determined by B.L. Sharma (15) to be 0.20 + 0.02 barns 
for pile neutrons. 
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In fia, 7.10 ~nd 7.11 the 2vera~e values of the 
sctivitiPS ~re nlotted aPainst the samnlin~ nositions 
;: 0 t' tn e t11vn ri crs. 
Cflhe nul'T'bers of fissions of U2V') and Pu?~q have been 
nht~ined solvinu the systems: 
q 
= 
{ 
~ f., I'""'! 
'.10 
)\T 
= 
··pu 
1'{ " ~ l • ' 
ti' is 
V i. s 
i:; i. s 
q i_s 
2_ V + ? V 
'") · C e 5 . q · .. C eO 
T,' 
,.:; 
? r:; 
the 
'[ RuS 
'" 
'Cs"' 
\I 
P1.-11 
+ ~ 
a 
.J._ ~l 
q 
+ ~l q 
nu.rrhe-r of 
V 
~so 
'! 
rl110 
8 tOTY'S t'nrrnpd 
the n1Jmber of fissicins 
thP fissinn yield 
the index for n2vc:i 
the index: for Pu21.q 
-i_n the fi _ssion 
In the solution of the systems the followina data have been 
~1.Psurriea f'or the fission vielris: 
{''M = s. 67 % ( ~) 
'.J = 6 .O"i cfo ( ) ) -, csr:; 
VHuS = 0. ~8 ;; 
( ) ) 
rCe9 = ),81 ~i; ( i 6) 
= ·6.1d '/r, (Hi) 
· Cs9 
Y R.v9 = 1. '5 3 1 ( 1 7) 
In t9ole 7,3 8.n<'l 7,·1 is recorted t:he nurrher nf fiss-i.ons 
of U23S P.nrl Pu239 for the two rii;i-s ann in fia, 7.12 and 
7. 1 ·) the 8VPt'89'.P nurri.ber of fie.s'ions is ,:lotte0 a.a-ai.nst 
th€' SP.m:'lino.; posi.tions for the two ri.c:s. 
The satisfsctory s~reement between the numbers of 
fissi.ons calrrnlated from the Ge1~4 a11d Cs1 'i7 8Ctiv.i.ties 
allows one to con~l1Jno thAt tne r'J.i_ffu21on of Gs1~7 i_n 
t'.viis i.rr8rl.·i.2.tion is neo:l.i c-i_h 1 P. 'T1ho t.ot8.l. P-rror in thP 
rl c t e rm in ::i t i 0 n 0 f t 'h e TT 2 1 i::; "' i. s :=- i " ~- s i. s h e t w P "'n iC=j P n rl 1 Q·'. ~ , 
qnn. i.n the rl_ote~.-i_nc:i.tinvi 1;P tho h1?,,0 fis:=dol'ls i_s hotwpon 
1() ccinr1 20c;'._ 
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'rable 7 .1: Ru-106, Cs-137, Ce-144 activities measured in samples from 
RIG 1. 
Sarr::p le Source Ru-106 Cs-137 Ce-144 dis/min mg UC dis/min mg UC dis/min mg UC 
1 1 /1 1. 453 X 107 4.152 X 106 1. 575 X 108 
1/2 1.528 X 107 4.421 X 106 1.554 X 108 
1/3 1. 4 7 4 X 107 4.318 X 106 1.575 X 108 
~verage value 1 • 485 X 10 7 4.297 X 106 1.568 X 108 
2 2/1 1. 466 X 107 4.213 X 106 1.455 X 108 
2/2 1 • 175 X 107 1L 160 X 106 1. 463 X 108 
2/3 1. 462 X 107 4.255 X 106 1. 4 76 X 108 
A.verage value 1. 468 X 107 4.209 V 106 1. 465 X 108 .L\. 
5 {: 1. 736 X 107 4.656 X 106 1.655 X 108 ,< 10 7 106 108 0 1. 778 X 4.571 X 1. 606 X ::r:: 
oor 1. 811 X 10 7 4. 491 X 106 1 • 601 X 108 §§ 6 1 • 819 X 107 4.447 X 106 1. 630 XX 108 
4.verag;e value 1.786 X 107 4.541 X 106 1.623 X 108 
6 3 2.037 X 107 5.035 X 106 1 • 716 X 108 
'1- 1.956 X 107 4.916 X 106 1.667 X 108 
~.vr:rao:e vstlue 1.992 X 107 4.975 X 106 1. 691 X 108 
7 7/1 1.953 X 107 5. 114 X 106 1.807 X 108 
7/2 1. 898 X 10 7 4.685 X 106 1. 692 X 108 
7/3 1.962 X 107 4.876 X 106 1.664 X 108 
A.vor8.~e V8.lue 1.938 X 107 4.892 X 106 1.721 X 108 
9 9/1 1. 8R7 X 107 tt.729 X 106 1. 7 38 X 108 
0/2 1 • 866 7 4.~86 106 1.762 10 8 X 10· X X 
'7 
106 108 9/3 1 • 9 61 X 10 1 4.838 X 1 • 721 X 
t-. . v 0 r<:: r;e V8 l't .. 10 1.905 X 107 4.718 X 106 1. 740 X 108 
1 
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TA.ble 7.2: Ru-106, Cs-137, Ce-144 activities measured in SPJT'nles 
from RIG - 2. 
Sample Source Ru-106 r,s-137 Ce-144 dis/min mg UC dis/min mg UC dis/min mg UC 
A2B3 A/1 1 • 188 X 10 
7 3.491 X 106 1 . 241 X 108 
A/2 1 • 182 X 107 3.562 X 106 1. 257 X 108 
A/3 1 • 21 5 X 107 3.617 X 106 1.238 X 108 
Average value 1.195 X 107 3.557 X 106 1. 245 X 108 
B2H4 B/1 1. 597 X 10 
7 3.867 X 106 1.378 X 108 
B/2 1 • 548 X 107 3.846 X 106 1. 372 X 108 
B/3 1. 546 X 107 3.897 X 106 1.334 X 108 
Average value 1. 564 X 107 3.870 X 106 1 • 361 X 108 
B2M5 M/1 r. 373 X 10
7 3.854 X 106 1. 375 X 108 
M/2 1.468 X 10 7 3.849 X 106 1.384 X 108 
M/3 1. 382 X 107 "3.834 X 106 1. 393 X 108 
Average value 1. 408 X 107 3.846 X 106 1. 384 X 108 
B2B6 1* 1.572 X 10
7 4.066 X 106 1.438 X 108 
2* 1.481 X 10 7 4.004 X 106 1. 411 X 108 
!Average value 1.526 X 107 4.035 X 106 1.424 X 108 
' Table 7.3 : U-235 and Pu-239 Fissions measured in ssmples from RIG 1. 
U-235 Fissions I mg UC Pu-239 Fissions I 
Sample 
. ee-144 . {Cs-137 averac:se . {Ce-144 . fcs-137 
pair Ru-106 pair Ru-106 value pair Ru-106 pair Ru-106 
1 1.559x1o15 1 . 48 3 X 10 15 1.5?1 X 10 15 1 • 180 X 10 14 1.245 X 1014 
2 1.447x10 15 1.451 X 1015 1.419 X 10 15 1.245 X 10 14 1 '1 1 . 242 X 10 . 
5 1 . 581 X 10 15 1.518 X 1015 1 5 1.540 X 10 - 1.6n5 X 1014 1.713 X 10 
1 t1 
6 1.635 X 10 15 1.6fi5 X 10 15 1.650 X 1015 6 14 1.9 4 X 10 1 . 9 39 X 10 H 
7 1.675x10 15 1 . 7 48 X 10 
1 5 1.711 X 10 15 1 . 840 X 10 14 14 1 • 869 X 10 . 
15 15 1.h~h X 1015 1 /1.. 
1 ,1 
9 1 .699 X 10 - 1.573 X 10 1.765 X 10 1 . 871 -x: 10 
m~ UC 
average 
value 
1.?12 X 10 11 
1. ?II~ x 10 1 tl 
1 . f;il,Q X 10 11 
1.0"11 Y 10 1 '1 
1 . Ri:; ,1 x 1 0 1 ,1 
1.P1R x 10 1 ·i 
a, 
t'v 
Tri_hl8 7.4: U-235 and Pu-239 Fissions Measured in samples from RIG 2. 
U-235 Fissions I mg UC Pu-239 
Smnple 
. {Ce-144 . {Cs-137 average . Ice-144 
pair Ru-106 pair Ru-106 value pair Ru-106 
A2B3 1.236 X 10
15 1.235 X 1015 1.235 X 1015 9.647 X 10 13 
B2H4 1.321 X 10
15 1.455 X 1015 1 . 388 X 10 1 5 1.513 X 1014 
B2M5 1.365 X 10
15 1 8 1.5 
.44 X 10 1.40fi X 10 15 1.212 X 10 14 
B2B6 1.395 X 10
15 1.518 X 1015 1.456 X 1015 1.386 X 1014 
Fissions I mg 
. {Cs-137 
pair Ru-106 
9.654 X 1013 
1. 400 X 10 14 
1.365 X 10 14 
1.283 X 1014 
UC 
averap;e 
value 
g.fi50 X 1013 
1.456 X 10 14 
1.288 X 10 14 
1.334x10 1 4 
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8 - CHEMICAL PROCEDURE IN THE DETERMINATION 
OF THE STABLE FISSION PRODUCT Nd 148. 
rvr. Bresesti 
Nuclear Chemistry Laboratory 
Chemistry Department 
8.1 Introduction. 
The determination of a stable fission product by mass 
spectromet"l'.'y using the isotope dilution technique allows 
one to operate with a much higher accuracy than the measure-
ment of a radioactive fission nroduct. 
Nd148 is the most interesting stable fission product 
qnd its measurement has been studied by B.F. Rider et al (1) 
(2). Nd148 has a low tendency to mi~rate, has a low destruc-
tion cross section and a low formation cross section from 
adjacent mass chains, and has a similar fission yield in the 
fission of U235 and Pu239. Moreover, the Neodymium element 
has a nuclide - Nd142 - not formed in fission which permits 
correction for natural contamination. Enriched Nd150 was se-
lected by B.F. Rider et al (1) as the diluting isotope. 
In the Nuclear Chemistry Laboratory a radiochemical 
procedure has been set up for the separation of individual 
rare earths produced in fission. This separation was utilized 
in the determination of fission yields in the fission of Th232 
by fast neutrons. 
The same procedure could be utilized for the separation of the 
Neodymium isotopes from other fission products if the determi-
nation of Nd148 appears to be convenient. 
8.2 Exnerimental. 
The rare earths as a group have been purified from other 
fission products by a series of radiochemical operations (3). 
These include a zirconium phosphate scavenging precipitation, 
a precipitation of rare-earths fluorides, a barium sulphate 
scavenging precipitation, precipitation of rare-earth hydrox-
ides, and passage of the rare earths through a small anion-
-exchange column in concentrated hydrochloric acid. 
The separation of individual rare earths has been made 
utilizing the method proposed by K. Wolfsberg (4). This method 
consists of elution through c_ation-exchange resin columns 
oper"lterl at ro0m temperature with c,0, -hydroxy-isobutyrate 
solutions at pH increasing from 3.4 to 4.2.An elution curve 
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obtained in the separation of the rare earths produced in 
the Th232 fission is shown in fig. 8.1. 
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9 - D"RTF.RI'flNA'rION OF Pu230 + Pu2,10 6,_CTIVIrr'Y "9Y o(;Sl?F.(;1"1~0J\111i:TRY 
M. Bresesti., F'.CRnnellRni., G.IvraP-ni, G.RPstelli 
Nuclear Chemistry Laboratory - Chemistry Denartment 
9.1 Introduction. 
From the measurement of the Pu239 + Pu210 activity it is 
nossible to obtain thP burnup value only when accurate infor-
mation on the neutron s-pectrum is 8V8.i lable. 
In Section 1 calculations of nPutron snectra are repor-
ted for a UC specimen to be irradiaten. in the DIRCE looD of 
the Isnra I reactor. From the neutron snectru~ the par2~eter 
f-> , defined ci,s the ratio of tot2.l to theTITial + 1 _/v nPutron 
ca-ptures i.n U238, is ca.lculated. rr'he utilization of this na-
rameter in the burnun calculation from the Pu239 + Pu2tt0 Rc-
tivity is renortPd in Reference (1). 
The alnhe.s from Pu239 and Pu240 have very simi.lsr Pner-
~ies Rnd c2n.not be distingu.ished by oo -_syiectrmrietry wi.th ~-o-
nizA.tion ch8.Jnbers or semiconductor cletPctors avBilRble in the 
Nuclear Chemistry Laboratory. 
Preliminary ex-periments for the determination of thP Pu239 
+ Pu240 activity have been made utilizinf 9. methoc'l bB.sed on 
isotopic dilution with Pu238 8.nd ou.s-pectrometry with semicon-
ductor detectors. The utilization of this method is more com-
plicated if Pu238 is present in the fuel to be analyzed. 
The energy and the intensity of the main alphas of Pu238, Pu239 
and Pu240 are reported in Table 9.1. 
Table 9.1.: Energy end intensity of the alfhRs of Pu238, Pu239, 
Pu.240. 
[)u238 alphas Pu239 alphas Pu210 al pha.s 
!Energy Intensity Energy Intensity Energy Intensity 
(MeV) p~ (MeV) % (MeV) % 
5. 491 71.1 5 .14 7 72.5 5. 159 75.5 
5.448 28.7 5.134 16.8 5.115 24.1 
5.352 0 .13 5.096 10.7 5.014 0.091 
5.208 0.005 5.064 0.037 4.952 0.0027 
4.999 0.013 4.924 0.0031 
1.917 0.005 4.851 0.0032 
The method requires, after the addition of Pu238, a purifica-
tion of the Plutonium mixtures from Uranium, Americium and 
fission products. The source for the ~.spectrometry is prepa-
red by electrodeposition. An alpha spectrum obtained by 
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semiconductor detectors of the mixture of Pu238 + Pu239 + 
+ Pu240, separated from irrci,diated uranium carbide , is 
shown in fig. 9.1. The study of the details of the experi-
mental procedures of purification and electrodeposition of 
plutonium has still to be completed. 
In the experiments performed plutonium amounts of a 
few pg were separated from uranium carbide amounts of a few 
mg. The uranium carbide has been irradiated for about 30.days 
in a thermal flux of"' 5 x 1013 n/cm2 sec. 
9.2 Isotopic dilution with Pu238. 
Pu238 seems to be a very convenient isotope for the 
isotopic dilution of the Pu239 + Pu240 pair. This isotope 
can be purchased at a low price with high radiochemical pu-
rity. The d.. - ray energies of Pu238 are quite different from 
the o<, -ray energies of Pu239 and Pu240 and this facilitates 
the ~ spectrometry. 
The radiochemical purity of Pu238, relative to the alpha 
emission, has been investigated by alpha and gamma spectra~ 
metry. In the alpha spectrum only oJ,,· rays with energies si-
milar to the Pu238 energies have been observed. However the 
alphas of Am.241 cannot be distinguished from the alphas of 
Pu238. The presence of Am.241 has been excluded by ( spec-
trometry measurements by Germanium Li-drifted detectors. 
In the isotopic dilution a known absolute activity of 
Pu238 has to be added to the solution. The standardization 
of an. alpha decaying isotope is normally performed by a 4 ii" 
counter. Experiments for the evaluation of the error intro-
duced in this measurement are in progress. 
9.3 Chemical purification of Plutonium. 
The plutonium mixture has to be purified from the fis-
sio'n products in order to reduce the f., and ( activity of 
the source, and from the Uranium in order to obtain a source 
with low deposit as required for the ou spectrometry. In the 
method utilized the higher oxidation states of plutonium are 
reduced to Pu ( Ill ) followed by conversion to Pu( IV), which 
is extractable with thenoyltrifluoroacetone (TTA). The TTA 
phase is stripped of the plutonium with hydrochloric acid. 
Reagents. 
Hydroxylemine Hydrochloride Solution, 5M. Dissolve 
347.5 g of NH20H • HCl in 1 liter of water. 
Ferric Nitrate Solution, 0.1 M. Dissolve 35 g of Fe(N03) 3 . 
• 6 H2o in 1 liter of water. 
Sodium Nitrite Solution, 3M. Dissolve 20.7 g of NaN02 in 
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100 ml of water. This solution is not st3ble and ~ust 
be prepared fresh daily before use. 
Thenoyltrifluoroacetone ('11'111\) Soluiion 7 0.5 r,ri. Dissolve 
5.555 g of TTA in 50 ml of xylene. 
Procedure. 
Make the solution of irradiated uranium 8bout 1:f\'! with 
HN03• Transfer about 1 ml of the solution in an extrac-
tion vial, add 2 drops of 0.1 M Fe(No3 )3 • 6 H2o solution 
and? drops of 5M NH20H. HCl solution and stir by hand 
for 5 min. 
Add 10 drops of 3M NaN"02 solution anrl stir by hand for 
5 min. Add by means of a pipet 1 - 2 ml of 0.5 M TTA in 
order to have a ratio between the volumes of organic pha-
se and aqueous phase of A.bout 1 and stir by hand for 
15 min. 
Centrifuge for 5 min and separate th~ orp;anic nhase. 
Wash the organic phase twice with 1 ml of Hfr HNO 3 anri 
strip the plutonium with 10 M HCl. 
9.4 Electrodeposition of Plutonium. 
The electrodeposition of Plutonium has been m8.de fol-
lowing the procedure of R.F. Mitchell (2). 
The electrodeposition cell consists of a metal frame at the 
bottom of which a tantalium disk is placed to serve as the 
cathode. A neoprene gasket and a plexiglas cylinder are secu-
red on ton of the disk. A rotating platinum electrode is the 
anode. The electrodeposition was made from solutions of about 
5 ml volume and with a distance between the electrodes of 
about 5 mm. A current density of 0.5 Amp/cm2 was utilized. 
9.5 Alpha suectrometry using semiconductor detector~. 
Alpha spectrometry was performed using Silicon surface 
barrier detectors constructed in the laboratory. Due to the 
low acti\Zi.ty of the sources it was necessary to use large area 
detectors to reduce the counting time. 
Detectors were prepared from 6000 S2. -cm Silicon and they were 
of the araldite encapsulated type; the useful area was 2.5 cm2 
The resolution was of the order of 35 KeV a~ room temperature. 
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10 - NEUTRON ?LUX l'FEASUR'.'.'Tv-rsNTS A.T rrHE SURFACE OF UC SPECil'fENS. 
A.M. Bresesti - M. Bresesti - H. Neumann 
Nuclear Chemistry Laboratory - Chemistry Department 
10.1 Introduction. 
'The integrated flux 1~8,]eived by an irradiated specimen 
can be determined by flux monitcring the surface of the 
specimen when the ratio between the surface flux and the 
average flux in the volume is known. 
Preliminary calculations have been performed (see 
section 1) for the DIRGE specimens (UC cylindric samples, 
containing natural uranium, 15 cm high by 2.5 cm in diameter) 
to be irradiated in the central position of the Ispra 1 core. 
These calculations have shown that the flux depression in 
the radial direction is relatively small. For the thermal 
flux the ratio of average to superficial flux is about 0.9 
and is even higher ~or the higher neutron energies. This 
means that the corrections to be t :,,kPn into account for flux 
de~ression are of the order of 10%. 
When the method, ':)ased on surface flux measurements and 
related calculations, is proven this kind of determin~tion 
will permit on;:, to eliminate the troublesome operations of 
sampling the irradiated materials and eliminate the radio-
chemical procedures required by the other methods. Further-
more, by a suitable distribution of monitors it is possible 
to obtain information about the flux received by all the 
IJ8Tts of the specimen. This information cm1 be obtained in 
a much shorter time than the informatiun from other measure-
ments. 
The flux monitoring seems to be particularly useful for 
the DIRCE experiment where several short period irradiations 
are planned. By the analysis of the flux monitor data it will 
be possible to know quickly about eventual modifications in 
the irre.rliation of the different parts of the specimen. 
In a more general w_ay the flux determination at the 
surface of the specimen will give an indication of the most 
suitable way of sampling the fuel for other kinds of burnup 
determinations. The flux monitoring method would yield great 
errors if the neutron absorption by fission products were 
important. This absorption shol,.1..d not be important for an 
irr~diation of less than a few thousand JYWd/t. For instance 
in the comparison of methods of determining burnup performed 
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by R.G. Hart et Rl. (1), the burnup values obtained with 
cobalt monitoring are in ~ood a~reement with the value oh-
t~dned by other method.s for irradiations of ~OOO ~:'!iNd/t. 
10.2 General InformAtion about the flux monitors. 
The measurement of neutron fluxes will be performed 
using monitors made of a dilute alloy of Cobalt and Alu-
minium. Cobalt is utilized as a dilute alloy with Aluminium 
in order to eliminate self-shielding effects for thermal and 
e~ithermal neutrons, requiring corrections which can not 
always be evaluated with good precision. The low content of 
Cobalt in the alloy also reduces the Co60 activ\ty that can 
be quite troublesome to handle in long irradiations of pure 
Cobalt. 
The activity of a Cobalt monitor at time T, after an 
irradiation time t, is related to integrated flux was shown 
in equation [1J. 
where 
21 
n V t = W X 10 
A/W 
N 
lVI 
n V 
.A 
G 
~ 
0 
t 
0 
is the specific activity ·of the cobalt mo-
nitor 
is Avogadro's number 
is the atomic wei~ht of cobalt 21 is the integrated 2200 m/s flux= w x 10 
is the effective cross section of Co59 for 
use with the 2200 m/s flux 
is the disintegration constant of Co60 = 
= 4.168 x 10-9sec.-1 corresponding to a 
half-life of 5.27 years. 
D is a correction factor for the Co60 decay 
and burnup by neutron capture. This second 
process is important only for hi~h values 
of w 
~ 
C.H. Westcott et al. (2) have shown that ~ can be convenien-
tly represented by equation [2]. 
where (5 is the 2200 m/s neutron capture cross section 
0 
of Co59 (= 38.0 barns) 
g is a factor to allow for the departure of the 
cross section from 1/v in the thermal region 
of the neutron spectrum(= 1 for Co59) 
r ff s is a factor to allow for the epi thermal corn-
- 0 To ponent of the neutron spectrum and the non 
1 behaviour of the cross section. 
V 
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The quantity s for Co59 has been assumed equal to 1.58 . 
The factor r ~~ is usually obtained fro~ Cd-ratio mea-
\[To 
surements. Unfortunately, Cd-ratio measurements are imprac-
tical at the surface of a fuelj;/;ecimen. 
Preliminary calculations of r T have been made (see Sec-
To 
tion 1) for the DIRGE irradiations. 
R.G. Hart et al. (3) have suggested the use of pairs of co-
balt and silver monitors for the measurement of r ,~ for 
'[To" 
long irradiations. Silver has been chosen because the neutron 
capture reaction in Ag109 leads to an isomeric state of Ag110 
with a 253 day half life, which allows one to nerform irra-
diations of a few months without large decay corrections. 
A.g109 also has a strong absorption resonance at 5.19 eV which 
makes the epithermal activation i.mnortant in the total acti-
vation. Furthermore, the reactor neutron capture cross section 
of the 253 day Ag110 m has been measured by R.G. Hart and 
R.L. Graham (4) and is equal to 82 barns: thus the correction 
for the neutron capture will be small, even for long irradia-
tions. 
Experimentally the method suggested by R.G. Hart et al. 
(3) consists of a measurement, for both Co59 and Ag109, of 
the ratio between the activation rate in the unknown spectrum 
and the activation rate in a spectrum where r ,[!f:_ is known 
\(To 
from cadmium ratio determinations. Only relative measurements 
are required. A. detailed description of the method can be 
found in reference (3). 
However silver, as a monitor for the resonance region, 
has one drawback. The 5.19 eV resonance of Aa,109 is situated 
near that of U238 at 6.7 eV; this may cause an important flux 
depres3ion in the region of 5.19 eV (5). A theoretical calcu-
lation of the correction, taking into account the ~eometrical 
arrangement (dimensions and distance of the absorber - U238 -
and monitor - Ag109), seems quite difficult. 
The value of r J T obtained by the activation of co-
To 
balt-silver pairs on the surface of UC contains some uncer-
tainty. However, high precision is not required in these 
measurements. In any event, the use of the cobalt-silver 
pairs will be useful in testing the nuclear codes utilized 
in the calculation of the neutron spectra (see section 1) 
which we will have i!?- preliminary irradiations to be -perfor-
med in DIRGE using samples containing lead in place of UC. 
Under these conditions self-shielding effects in the region 
of the Ag109 resonance do not interfere and a direct compa-
rison is possible with the results obtained by nuclear codes. 
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In order to avoid the uncertainties present when using 
silver monitors, we have tried to find another isotope more 
suitable than Ag109 for the resonance flux measurement. It 
is necessary to find an isoto-pe which upon neutron capture 
yields a radioactive nuclide with a rather long half life, 
is easy to measure, and has a small neutron capture cross-
section. Furthermore, this isotope must have rather impor-
tant resonances in the epithermal re~ion in order that the 
epithermal activation not be negligible in comparison with 
the total activation. These resonances must not be too near 
in energy to the U238 resonances. Keepine these considera-
tions in mind, we found that the thulil!---m isot.ope, Tm 169, 
being the only naturally occurring isotope of this element, 
corresponds to all the requirements stated above.·The half 
life of Tm 170, which is formed upon neutron capture, is 
)27 days. Its thermal neutron capture cross section is 150 
barns (6). These nuclear data are less favorable than the 
nuclear data of Ag109 because the half-life is shorter and 
the thermal neutron cross section is hi~her. Therefore the 
use of this monitor will be suitable for shorter irradia-
tions. On the other hand the resonance absorption energies 
are much better separated from those of U238 than in the 
case of silver. These are shown in the following table: 
Table 10. 1 : Capture resonance ener,e;i es of U2 38 and Tm169 
and resonance integral for Tm169. 
Contribution to the 
E U238(eV) E Tm169(eV) sonance integral of 
r r Tm169 (barns) 
6.68 3 .92 1363 
10.2 14. 11, 52.3 
21.0 17. Ei 20.1 
36.8 29. 1 0.89 
66.3 35,2 19.2 
The values reported in the last column of the table 
been calculated according to the following equation 
have 
( 3): 
re-
RI = 4090 g 
r 
rcr rrv 
E 2 
r 
[3] 
where g has been taken equal to 1 
2 
is the total resonance width in mV 
is the partial resonance width for neutron 
capture in mV 
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r \'\I is the partial resonance width for scatt erinn; in 
B is the resonance ener_o;y i. n eV 
r 
Tm169 has many other resonances which are not listed in Ta-
b~e10.1whose contributions to the total resonance inte~ral 
are, however, ne s-li5;i ble. As can be seen in t able10.1 the 2:rea-
test -part of the resonance integral is due to the resonance 
qt 3.92 eV, which is fairly well separated from the 6.08 eV 
resonance of U238. 
Preliminary experiments will be done on the use of the 
neutron capture reaction in Tm169. If these experiments ~ive 
favor9.ble results, an alloy of aluminium with low Thulium 
content will be prepared. The half 1ife of Tm170 - 127 days -
is sufficiently long for monitoring the DIRCE irradiations 
which last for a duration of a few weeks. 
10.3 Preparation and Rnalysis of Co/Al and A~/Al alloys. 
The "Istituto Sperimentale per i Metalli Leggeri" in 
Novara has prepared two Co/Al alloys with a Cobalt content 
of about 1% and 0.1%, and one Ag/Al alloy with a Silver 
content of about 0.1%. The alloys have been prepared by u-
tilizing high purity aluminium, cobalt- and silver. 
In order to check the uniformity of the alloy composi-
tion, and to determine the cobalt and slver content, analy-
ses have been performed in the Analytieal Group of the 11 I-
stituto Sperimentale per i Metalli Leggeri" and in the Ana-
lytical Chemistry Laboratory and the Nuclear Chemistry Lab-
oratory of CCR Euratom Ispra. In all the laboratories the 
composition of the alloys has been checked to be uniform 
within the experimental uncertainty of the methods. 
The values determined for the cobalt and silver content 
in the alloys are reported in Tables 10.2 and 10.3. The er-
rors reported are at the 95% confidence level. 
Table 10.2: Results of the analysis of the Co/Al alloys. 
Cobalt content J.n ro 
Laboratory Method 
alley 1% alloy 0.1% 
:Analytical Spectropho- 0.975(*) 0. 1004 (*) 
Group of tometry 
ISML NOVARA 
!Analytical Spectropho-
Chemistry tometry 
CCR EURATOM Method 1 0.9]2 + 0.005 0.0978 + 0.0006 
- -Method 2 0.935 + 0.004 0.0976 + 0.0014 
- -
Nuclear Neutron 0.960 + 0.013 o. 100 + 0.002 
- -Chemistry Activation 
G'CR EURATOM 
* AvArage of 2 me8_surements in agreement within 1%. 
mV 
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Table 10.3 Results of the analysis of the Ag/Al alloy. 
Laboratory Method Silver content in % 
Analytical Gravimetry 0.0985 + 0.0026 
-Groun of 
ISlVIT.i NOVARA 
Analyticql Spectropho- 0.0997 + 0.0003 
-Chemistry tometry 
CCR EURATOM 
Nuclear Neutron 0. 1017 + 0.0017 
-Chemistry Activation 
CCR EURATOM 
The results obtained in the analysis of the Co/Al alloys 
are in satisfactory agreement. The cobalt content will be 
assumed to be 0.95 + 0.015 % and 0.099 + 0.001% in the two 
alloys respectively: -
The results obtained in the analysis of the Ag/Al alloy are 
in good agreement. The silver content in the alloy will be 
assumed to be 0.100 + 0.001%, the average value of the deter-
minations in different laboratories. This value is very si-
milar to the value obtained in the most careful determination 
0.0997 + 0.0003%. 
We-wish to point out that the knowledge of the composi-
tion of the Co/Al alloys is important because the error in 
the cobalt content is directly transmitted to the determined 
value of the neutron flux. On the contrary, for the deter-
minatio~ of the rv T values only relative measurements of 
To 
activation rates have to be performed. Therefore, for this 
application1the knowledge of the composition of the Ag/Al 
alloy is not necessary, the only important point being the 
uniformity of the alloy. 
10.4 IrradiRtion of Co Al anrl Ao- Al allovs in a neutron flux with 
known r T • 
To 
Irradiations have been performed in the pneumatic tube 
PH2 in the graphite reflector very close to the heavy water 
tank of the Ispra I Reactor. The value of r~ T has been 
To 
determined by cadmium ratio measurements with gold. 
The gold has been irradiated in the form of discs, 2/10 mm 
thick and 8 mm in diameter, made of dilute alloy of gold and 
aluminium. (Au content about 0.1%). The uniformity of the 
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Rlloy has been tested. Two pairs of irradiations, with and 
without cadmium, have been performed. For the irradiations 
under cadmium, capsules of flat cylindrical form with 1 mm 
thick walls hsve been utilized. Relative measurements of the 
.o;old activation rates have been made by gamma spectrosco-py 
utilizing a 3" x 3" NaI(Tl) crystal connected to a multichan-
nel analyser. The area of the 0.411 KeV ,o;s.!T'ma photo-peRk of 
~u198 has been evaluated. 
fhe activation rates measured in the two pairs of irra-
diations and the cadmium ratios are reported in Tc=tble 10. 4. 
Table 10.4 : Activation rates 2nd cRdmium ratios for P-old 
irradici,teri in the nne11rnq+,ic tube PH2. 
Pair Activation rate Cadmium (arbitrary unit) ratio 
1 9.001 6.09 
(Cd) 1. 478 
2 9.075 5.98 
(Cd) 1 • 517 
The cadmium ratio values obtained in the two pairs of ir-
radiations are in good agreement. 
The calculation of -r,f"'i:__ were made utilizing the 
VTo 
average value 6.04. The value of r. fr can be calculated vfu 
from the value of cadmium ratio using equation [4] repor-
ted by W.H. Walker et al. (7). 
rf,l; 
where 
Gth 
RCd 
h 
G 
r 
F 
K 
w 
I} ( 1 - R ri ) 
th I; 'J 
= G (F RCd-1) s + RCd ( i - w) r 0 
.o; 
is thermal neutron self shielding; factor 
is the cadmium ratio 
is the fraction of thermal neutrons trsnsrnit-
ted by the cadmiu_m filter 
is the resonance neutron self shieldin:9:: factor 
is the transmission of the cadmium filter for 
neutrons at the resonance ener~y 
is a correction factor for the attenuation of 
the epithermal neutrons in the cadmium filter 
is a correction factor for the resonance neu-
trons absorbed by cadmium below the cadJT1.iu.m 
cut off 
fJ' 
. , 
s 
0 
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1s a factor to allow far the departure of the 
cross section from 1/v in the thermal re?ion 
of the neutron spectrum 
is a factor to allow for the departure of the 
cross section front 1 /v in the e-pi thermal reo;ion. 
of the neutron spectrum. 
In the present experiment the self shieldin~ factors 
G+.h 8nd G have been assumed to be unity owin~ to the low 
percenta:'~:§ of gold :i.n the alloy and the small thickness of 
the detectors. 
The value of h is very small and has been 8.ssurr.ed equctl to 
zero: the value of F has been assumed to be unity. 
The value of K is reported by C.H. Westcott et al (2): for 
1 mm cadmiUJl'l. thickness a,nd isotro"Pir: neutron incidence K is 
equal to 2. 29. For W we have assumed the same value uti l i-
zed by R.G. Hart et al (3) - 0.089 - although the cadmium 
thickness utilized in that experiment was 0.76 rrim in -plRce 
of 1 mm. In any event, the import2.nce of this factor is 
small. Fors we have taken the value 17.0 and for P,; the 
value 1.007 °reported in reference (3). With these data and 
equation (4), we have determined a value of r y T = 0.01147 
To 
using a cadmium ratio equal to 6.04 for gold. 
In the 2 irradiations without cadmiurn, we have irradia-
ted, close to the Au/Al alloy foils, wires of Ag/Al alloy 
(0.1% Ag) and wires of Co/Al alloy (0.1% Co). The activiti_PS 
of these wires can be measured a long time after the irra-
diation owing to the long half-lives of the isotopes Co60 
and Ag110 m. By comparison of the ratio of these activities 
with the ratio of the activities measured in an unknown s-pec-
trum it will be possible to determine the value of rv T 
for this spectrum (3). To 
10.5 Determination of the s value for silver. 
0 
The value of s 
0 
for silver is on~of the data required 
r J T usinp; the ;1rocedure repor-
To 
for the determination of 
ted above. This value 
al. (3). 
has been determined by R.G. Hart et 
We have made the same measurement as performed by these 
Authors in order to check the goodness of our measurements 
and related calculations. For this reason we have irradia-
tPd, close to the Au/Al foils, foils of Ae/Al alloy ( "'-' 0. 1% 
Ag) and we have determined the cadmiu.rn ratio for the nuclear 
reaction Ag109 (n, (() Ag 110m. The relative activation rates 
of Ag109 have been measured by gamma spectrometry utilizin~ 
a 3" x 3" NaI(Tl) crystal connected to a multichannel analyzer. 
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The activation rates measured in the two pairs of 
irradiations and the cadmium ratios are reported i.n ta-
ble 10.5. 
Tr-tblP 10.'5: Activation rates anri cadmium ratios for sil-
ver irradiated in the pneumatic tube PH 2. 
Pair Activation rate Cadmi u.rn ratio (arbitrary units) 
1 49.61 5.657 
(Cd) 8.769 
2 50. 41 5. 743 
(Cd) 8.777 
The caqmium ratios obtained in the two pairs of irrBdiB-
tions are in good agreement. 
In the calculation of s A the averap;e value - 5,70 -
0 ' :'s 
was utilized. The values s A 
o, g 
ratio measurements on ~old and 
ti.on[5]. 
!! t~ :th,Au . [ '-'Arr, s = o, Ao- r, Q 
r, A,a; th,Ac:,; 
H w 
is obtained from cadrri-i.um 
silver ar.cordino: to equa-
s 
o,Au G r,Au 1 WAu 
+ 
---
+ 
!]' FAuK H' 
-'Au ·Au 
H ] [-F 1 -]J + - Ao: + [5] F K F F Au At? Arr. Ao; 
whPre 7, 
-· 1 + WAg' r VT/To 
'Fi' R -1 
() . An' 1;r1, A~ 
= 
FAuRCd,Au -1 
fj;-1 H = h ( r ) 
0 
The mer:min_vs of the tP.rms Are thP sr1.me as for eq1rntion [ 4]. 
/1.snumi.rio; thr-lt Gr ~ er' Gt.,,. t, ' Gth ~ a-' G A ' FA. and FAcr 
_ , ><. , , t, .. U , ><. , r, ,-1.U _ U . , 
-:irp nr<11'l1 t0 lJY1i t•r 8'111 thqt h i.s Pf:U'lJ. to zero I thP for-
rr11·1,, t::-ilrPC\ thP fnllnwino- f'orrri. 
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{ ~ [ s o,Au WAu] -[; '\~J s O' 1 = +--o, Ap:, 'Arr_ O' K -"Au 
where Z = 1 + w r VT/To Arr, 
~ -1 
Q = Cd,Ar; 
RCd,Au -1 
The value of WAg = 0.098 and qAg = 1.0058 are taken 
from reference ( 3). 'l'he value of r~ T~ has been ure-
viously deteI'11'1ined by the cadJT1ium ratio me8.sUrements on 
,:,;old '3.rni is er:,ual to 0.01147. 
Utilizin~ these data we obtain: 
Z = 1 + 0.098 X 0.01117 = 1.0011 
Q = 5.70 - 1 = 0.933 
6.04 - 1 
{ 
1 • 0011 
s A = 1.0058 
o, g 0.933 [
17.0 
1. 007 + 
1 
2.29 
- 0. 089]-[-1-
2. 29 
- o.ogsJ!= 1.ooos {1.073 x [ 17 • 2 29 - 0 • H~ = 18.23 
We evaluate the total error in the determination as+ 2% 
hence the final value is 18.23+ 0.36. This error does 
not include the uncertainty in the value af s A • 
0, U 
The value is in satisfactory agreement with the value deter-
mined by R.G. Hart et al (3) of 18.74 + 0.08. 
10.6 Desi~ ::ind construction of an automatic system for the 
scannin~ of monitor wires. 
We plan to insert flux monitor wires on the surface 
of the UC specimens, for the whole length of the samples, 
in order to have information on the.axial distribution of 
the neutron flux. 
To -perform the scanning of the wires, an automatic 
system has been designed by the Group "Etudes Generales et 
Genie Radioactif", and is now under assembly. For monito-
rin~ the Co/Al and Ag/Al alloys the detector will be a 
3" x 3" NaI(Tl) crystal connected to annultichannel ana-
lyzer. 
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